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Volcanic eruptions contribute to climate variability, but quantifying these contributions has been 26 
limited by inconsistencies in the timing of atmospheric volcanic aerosol loading determined from 27 
ice cores and subsequent cooling from climate proxies such as tree rings. Using new records of 28 
atmospheric aerosol loading developed from high-resolution, multi-parameter measurements 29 
from an array of Greenland and Antarctic ice cores as well as distinctive time markers to constrain 30 
chronologies, here we resolve these inconsistencies and demonstrate that large eruptions in the 31 
tropics and high latitudes were primary drivers of Northern Hemisphere interannual-to-decadal 32 
temperature variability during the past 2,500 years. Overall, cooling was proportional to the 33 
magnitude of volcanic forcing and persisted for up to ten years after some of the largest eruptive 34 
episodes. Our revised timescale now firmly implicates volcanic eruptions as catalysts in the major 35 
6th century pandemics, famines, and socioeconomic disruptions in Eurasia and Mesoamerica while 36 
allowing multi-millennium quantification of climate response to volcanic forcing. 37 
Volcanic eruptions are primary drivers of natural climate variability – as sulfate aerosol injections 38 
into the stratosphere shield the Earth’s surface from incoming solar radiation, leading to short-term 39 
cooling at regional-to-global scales1. Temperatures during the past 2,000 years have been 40 
reconstructed at regional2, continental3, and global scales4 using proxy information from natural 41 
archives. Tree-ring-based proxies provide the vast majority of climate records from mid- to high-42 
latitude regions of predominantly the Northern Hemisphere (NH), whereas ice-core records (e.g., 43 
δ18O) represent both polar regions3. Climate forcing reconstructions for the Common Era (CE) – 44 
including solar (e.g., 10Be)5 and volcanic (e.g., sulfate)6,7 activity – mostly derive from ice-core 45 
proxies. Any attempt to attribute reconstructed climate variability to external volcanic forcing – and 46 
distinguish between response, feedback, and internal variability of the climate system – requires ice-47 
core chronologies that are synchronous with those of other climate reconstructions. In addition, 48 
multi-proxy climate reconstructions2-4 derived from ice cores and other proxies such as tree rings will 49 
have diminished high-to-mid-frequency amplitudes if the individual climate records are on different 50 
timescales. Magnitudes and relative timing of simulated NH temperature response to large volcanic 51 
eruptions are in disagreement with reconstructed temperatures obtained from tree rings8,9, but it is 52 
unclear to what extent this model/data mismatch is caused by limitations in temperature 53 
reconstructions, volcanic reconstructions, or implementation of aerosol forcing in climate models9-11. 54 
The hypothesis of chronological errors in tree-ring-based temperature reconstructions8,9 offered to 55 
explain this model/data mismatch has been tested and widely rejected11-14, while new ice-core 56 
records have become available providing different eruption ages15,16 and more precise estimates of 57 
atmospheric aerosol mass loading17 than previous volcanic reconstructions.  Using documented18 58 
and new ice-core-based eruption ages16, strong summer cooling following large volcanic eruptions 59 
has been recorded in tree-ring-based temperature reconstructions during the 2nd millennium CE with 60 
a one-to-two year lag similar to that observed in instrumental records after the 1991 Pinatubo 61 
eruption19. An apparent seven-year delayed cooling observed in individual tree-ring series relative to 62 
Greenland ice-core acidity peaks during the 1st millennium CE, however, suggests a bias in existing 63 
ice-core chronologies20,21. Using published ice-core chronologies, we also observed a seven-year 64 
offset between the timing of sulfate deposition in North Greenland and the start of tree-ring growth 65 
reduction in a composite record of five multi-centennial tree-ring summer temperature 66 
reconstructions (“N-Tree”) from the NH between 1 and 1000 CE (Methods), whereas tree-ring 67 
response was effectively immediate for eruptions occurring after 1250 CE (Fig. 1). 68 
A precise time marker across hemispheres and climate proxies. Independent age markers to test 69 
the accuracy of tree-ring and ice-core chronologies recently have become available with the 70 
detection of abrupt enrichment events in the 14C content of tree rings. Rapid increases of 71 
atmospheric 14C were first identified in individual growth increments of cedars from Japan between 72 
774 and 775 CE22 and between 993 and 994 CE23. The presence and timing of the event in 775 CE 73 
(henceforth, 775 event) has been reproduced by all measurements performed on tree rings at 74 
annual (or higher) resolution – including tree cores from Germany24, the Alps12, the Great Basin25 75 
(USA), and Siberia25. Recent identification of the same 775 CE event in kauri wood samples from New 76 
Zealand in the Southern Hemisphere (SH) demonstrates the global extent of the rapid 14C increase 77 
and provides further constraints on the event’s exact timing (March 775 ± 6 months) due to the 78 
asynchronous SH growing season26. While the cause of the 775 and 994 events is still debated22,24,27, 79 
they might produce an excess of cosmogenic 10Be through the interaction of high-energy particles 80 
with atmospheric constituents28,29. Since both of these radionuclides are incorporated rapidly into 81 
proxy archives via aerosol deposition (10Be in ice cores) and photosynthesis (14CO2 in tree rings), 82 
isotopic anomalies caused by these extraterrestrial events provide a global time marker to directly 83 
link ice-core records to tree-ring chronologies27. The latter serve as an absolute and precise time 84 
marker31, verified (at least since 775 CE) by the coherence of the rapid increase in 14C in all tree-rings 85 
records for which high-resolution analyses were performed, including those speculated to be at risk 86 
of missing rings8. We measured 10Be concentrations at approximately annual resolution in four ice 87 
cores – NEEM-2011-S1, TUNU2013, and NGRIP in Greenland, and the West Antarctic Ice Sheet Divide 88 
Core (WDC) – over depth ranges encompassing the year 775 as dated in existing ice-core 89 
chronologies in order to provide a direct, physically-based test of any dating bias in these 90 
chronologies (Fig. 1, Extended Data Fig. 1, Methods). Both polar ice sheets contain 10Be 91 
concentrations exceeding the natural background concentration (>150%; 6σ) for one-to-two 92 
consecutive years, compatible with the 775 CE event observed in tree rings. Using the original ice-93 
core age models16,30, the ages of the 10Be maxima in NEEM-2011-S1, NGRIP, and WDC are 768 CE, 94 
offset by 7 years from the tree-ring event. A further 10Be anomaly measured in NEEM-2011-S1 at 987 95 
CE, compatible with the 994 CE event in tree rings, suggests a chronological offset was present by 96 
the end of the first millennium CE (Fig. 1). Several different causes may have contributed to the 97 
offset (Methods). 98 
Revised ice-core chronologies. Given the detection of a bias in existing ice-core chronologies, we 99 
developed new timescales prior to the 1257 Samalas eruption31 using highly resolved, multi-100 
parameter aerosol concentration records from three ice cores: NEEM-2011-S1, NEEM, and WDC. We 101 
used the StratiCounter program, an automated, objective, annual-layer detection method based on 102 
Hidden Markov Model (HMM) algorithms32 (Methods). For NEEM-2011-S1, obtained confidence 103 
intervals for the layer counts allowed us to improve the dating further by constraining the timescale 104 
using the 775 CE 10Be anomaly and three precisely dated observations of post-volcanic aerosol 105 
loading of the atmosphere (Fig. 2, Extended Data Tables 1-3, Methods, Supplementary Data). We 106 
evaluated the accuracy of our new chronologies (“WD2014” for WDC and “NS1-2011” for NEEM) by 107 
comparison to (1) an extensive database of historical volcanic dust veil observations (Extended Data 108 
Fig. 2, Methods, Supplementary Data), (2) ice-core tephra evidence (Methods), and (3) the 994 CE 109 
event (Methods, Fig. 2). Using the new timescales, we found large sulfate signals in Greenland (e.g. 110 
681, 574, 540 CE) between 500 and 2000 CE that frequently occurred within ±1 year from 111 
comparable – and independently dated – signals in Antarctica. These bipolar signals can now be 112 
confidently attributed to large tropical eruptions (Fig. 2). Back to 400 BCE, other large sulfate peaks 113 
(e.g., 44 BCE) were synchronous to within ±3 years (Fig. 2). We conclude that the revised ice-core 114 
timescales are accurate to within less than ±5 years during the past 2,500 years based on combined 115 
evidence from radionuclides, tree rings, tephra analyses, and historical accounts. Compared to the 116 
previous chronologies, age models differ prior to 1250 CE by up to 11 years (GICC05, Greenland) and 117 
14 years (WDC06A-7, Antarctica) (Extended Data Fig. 3).  118 
Reconstruction of volcanic aerosol forcing for the past 2,500 years. Employing our revised 119 
timescales and new high-resolution, ice-core sulfur measurements, we developed an extended 120 
reconstruction of volcanic aerosol deposition since early Roman times for both polar ice sheets from 121 
which we then estimated radiative forcing using accepted transfer functions15 (Fig. 3, Methods). This 122 
forcing series is characterized by improved dating accuracy, annual resolution, and a larger number 123 
of ice-core records in the Antarctic ice-core sulfate composite17 than previous reconstructions6,7. It 124 
spans 2,500 years, allowing investigation of climate-volcano linkages more accurately and earlier 125 
than with previous reconstructions. It also provides perspective on volcanic influences during major 126 
historical epochs, such as the growth of Roman imperial power and subsequent decline of the 127 
migration period in Europe – times of (1) demographic and economic expansion as well as relative 128 
societal stability and (2) political turmoil and population instability, respectively33. With improved 129 
dating and lower volcanic-sulfate detection limits from the Antarctic array17, we were able to detect, 130 
estimate, and attribute volcanic aerosol loading and forcing from 283 individual eruptive events 131 
during this period (Fig. 3). We attributed about 50% to mid-to-high latitudes NH sources, while 81 132 
were attributed to tropical eruptions (having synchronous sulfate deposition on both polar ice 133 
sheets). These tropical volcanic eruptions contributed 64% of total volcanic forcing throughout the 134 
period, with five events exceeding the sulfate loading from Tambora, 1815 (Fig. 3, Extended Data 135 
Table 4). Events in 426 BCE and 44 BCE rival the great 1257 CE Samalas eruption (Indonesia) as the 136 
largest sulfate producing eruptions during this time. These two earlier events have not been widely 137 
regarded as large tropical eruptions with potential for strong climate impact20, due to the lack of 138 
complete and synchronized sulfate records from Greenland and Antarctica. We base the claim that 139 
these two eruptions were tropical in origin and caused significant radiative perturbations on the 140 
observation that ice cores from Greenland and Antarctica record coeval and exceptionally high 141 
volcanic sulfate concentrations (within their respective uncertainties). Both these events were 142 
followed by strong and persistent growth reduction in tree-ring records34 (Fig. 2) typically observed 143 
after large tropical eruptions during the Common Era (Fig. 3). 144 
Climate impact from large volcanic eruptions. Superposed epoch analyses (Methods) performed on 145 
the “N-Tree” composite record centered on the largest volcanic signals between 500 BCE and 1250 146 
CE as well as between 1250 and 2000 CE, show a clear post-volcanic cooling signal. For both periods, 147 
maximum tree-ring response lagged the date of initial increase of sulfate deposition by one year (Fig. 148 
2), consistent with the response observed if using only historically documented eruptions with 149 
secure dating for the past 800 years18. The sharp and immediate (i.e., ≤1 year lag) response of tree 150 
growth to the ice-core volcanic signal throughout the past 2,500 years further corroborates the 151 
accuracy of our new ice-core timescales (Extended Data Fig. 4). Of the 16 most negative tree-growth 152 
anomalies (i.e., coldest summers) between 500 BCE and 1000 CE, 15 followed large volcanic signals – 153 
with the four coldest (43 BCE, 536, 543, and 627 CE) occurring shortly after several of the largest 154 
events (Extended Data Tables 4, 5). Similarly, the coldest summers in Europe during the Common 155 
Era3 were associated with large volcanic eruptions (Extended Data Table 5). Reduced tree growth 156 
after volcanic eruptions also was prominent in decadal averages of the “N-Tree” composite. All 16 157 
decades with the most reduced tree growth for our 2,500-year period followed large eruptions (Fig. 158 
3, Extended Data Table 5). In many cases, such as the coldest decade from 536 to 545 CE3, sustained 159 
cooling was associated with the combined effect of several successive volcanic eruptions. 160 
Strong post-volcanic cooling was not restricted to tropical eruptions; it also followed NH 161 
eruptions (Fig. 4), with maximum cooling in the year of volcanic-sulfate deposition. In contrast to the 162 
average of the 19 largest CE tropical eruptions, however, the NH-only eruptions did not give rise to 163 
any significant long-term cooling effect (Fig. 4). Persistence of implied post-volcanic cooling following 164 
the largest tropical eruptions is strongly expressed in temperature reconstructions based on tree-165 
ring width measurements (e.g., Alps), with recovery times of more than 10 years. Persistent cooling, 166 
with temperature reduction significantly below the pre-eruption baseline for six consecutive years, 167 
also is observed in temperature reconstructions based on maximum latewood density (e.g., 168 
Northern Scandinavia), the preferred proxy to quantify volcanic cooling contributions on climate due 169 
to less marked biological memory effects35 (Fig. 4). These findings indicate that eruption-induced 170 
climate anomalies following large tropical eruptions may last longer than is indicated in many 171 
climate simulations (<3–5 years)9,36,37 and that potential positive feedbacks initiated after large 172 
tropical eruptions (e.g., sea-ice feedbacks) may not be adequately represented in climate 173 
simulations38,39. The five-year averaged (lag 0 to lag 4 years) cooling response over three NH regions 174 
(Methods) following the 19 largest CE tropical eruptions was -0.6 ± 0.2 °C (2 standard error of the 175 
mean (SEM)), that of large NH eruptions was -0.4 ± 0.4 °C with strongest cooling induced in the high 176 
latitudes. Overall, cooling was proportional to the magnitude of volcanic forcing, with stratospheric 177 
sulfate loading exceeding that of Tambora inducing the strongest response of -1.1 ± 0.6 °C (Figs. 3, 178 
4). We believe the values represent lower estimates of the actual cooling as the timing of ice-core-179 
derived forcing and tree-ring indicated cooling have not been synchronized for the volcanic events.  180 
Global climate anomalies in 536-550 CE. Our new dating allowed us to clarify long-standing debates 181 
concerning the origin and consequences of the severe and apparently global climate anomalies 182 
observed from c.536–550 CE, which began with recognition of the “mystery cloud” of 536 CE40 183 
observed in the Mediterranean basin. Under previous ice-core dating, it has been argued that this 184 
dust veil corresponded to an unknown tropical eruption dated 533–534 CE (±2)41. Using our revised 185 
timescales, we found at least two large volcanic eruptions around this period (Fig. 5). A first – 186 
apparently NH, eruptive episode in 535 or early 536 CE – injected large amounts of sulfate and ash 187 
into the atmosphere. Geochemistry of tephra filtered from the NEEM-2011-S1 ice core at a depth 188 
corresponding to 536 CE indicated multiple North American volcanoes as likely candidates for a 189 
combined volcanic signal (Extended Data Fig. 5, Methods, Supplementary Data). Historical 190 
observations (Extended Data Table 3) identified atmospheric dimming as early as March 24, 536, 191 
lasting up to 18 months. Summer 536 appeared exceptionally cold in almost all tree-ring 192 
reconstructions in the extra-tropical NH from N-America34, over Europe35,42,43 to Asia44. Depending 193 
upon reconstruction method, European summer temperatures in 536 CE dropped 1.6-2.5◦C relative 194 
to the previous 30-year average3. A second eruptive episode in 539 or 540 CE, identified in both 195 
Greenland and Antarctica ice-core records and hence likely tropical in origin, resulted in up to 10% 196 
higher global aerosol loading than the Tambora 1815 eruption reconstructed from our bipolar 197 
sulfate records. Summer temperatures consequently dropped again, by 1.4-2.7◦C in Europe in 541 198 
CE3, and cold temperatures persisted in the NH until almost 550 CE3,33,34,42 (Figs. 2, 3, 5). This 199 
provides a notable environmental context to widespread famine and the great Justinian Plague 541-200 
543 CE that was responsible for decimating populations in the Mediterranean and potentially 201 
China45,46. While certain climatic conditions (e.g., wet summers) have been linked to plague 202 
outbreaks in the past47, a direct causal connection of these two large volcanic episodes and 203 
subsequent cooling to crop failures and outbreaks of famines and plagues is difficult to prove33. 204 
However, the exact delineation of two of the largest volcanic signals – with exceptionally strong and 205 
prolonged NH cooling; written evidence of famines and pandemics; as well as socio-economic 206 
decline observed in Mesoamerica (“Maya Hiatus”48), Europe, and Asia – supports the idea that the 207 
latter may be causally associated with volcanically-induced climatic extremes.   208 
Detailed study of major volcanic events during the 6th century (Fig. 5) and an assessment of post-209 
volcanic cooling throughout the past 2,500 years using stacked tree-ring records and regional 210 
temperature reconstructions (Fig. 4, Extended Data Fig. 4) demonstrated that large eruptions in the 211 
tropics and high latitudes were primary drivers of interannual-to-decadal NH temperature variability. 212 
The new ice-core chronologies imply that previous multi-proxy reconstructions of temperature that 213 
include ice-core records2-4 have diminished high-to-mid-frequency amplitudes and must be updated 214 
to accurately capture the timing and full amplitude of paleoclimatic variability. By creating a volcanic 215 
forcing index independent of but consistent with NH tree-ring temperature anomalies, we provide 216 
an essential step to advance understanding of external forcing on natural climate variability during 217 
the past 2,500 years. With the expected detection of additional rapid ∆14C enrichment events from 218 
ongoing efforts in annual resolution 14C tree-ring analyses49, there will be future opportunities to 219 
further constrain ice-core dating throughout the Holocene and develop a framework of precisely 220 
dated, globally synchronized proxies of past climate variability and external climate forcing. 221 
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Figure 1 | Annual 10Be ice-core records and post-volcanic cooling from tree rings for selected time 375 
periods using existing ice-core chronologies. a) Superposed epoch analysis for the seven largest 376 
volcanic signals in NEEM-2011-S1 between 78 and 1000 CE and for the 10 largest eruptions between 377 
1250 and 2000 CE, respectively16. Shown are growth anomalies from a multi-centennial, 378 
temperature-sensitive tree-ring composite (N-Tree42,43,76-78, Methods) 10 years after the year of 379 
volcanic sulfate deposition at NEEM ice core site in Greenland (GICC05 timescale), relative to the 380 
level five years prior to sulfate deposition; b) annually resolved 10Be concentration records (1σ 381 
measurement uncertainty) from WDC, TUNU2013, NGRIP, and NEEM-2011-S1 ice cores on their 382 
original timescales and annually resolved ∆14C series from tree-ring records between 755-795 CE22,24, 383 
with arrows representing the suggested time shifts for synchronization; estimated relative age 384 
uncertainty for TUNU2013 at this depth interval from volcanic synchronization with NEEM-2011-S1 385 
is ±1 year; c) annually resolved 10Be concentration record from NEEM-2011-S1 ice core on its original 386 
timescale and annually resolved ∆14C  series from tree rings between 980-1010 CE23. 387 
Figure 2 | Re-dated ice-core, non-sea-salt sulfur records from Greenland and Antarctica in relation 388 
to growth anomalies in the N-Tree composite. a) Upper panel: Ice-core, non-sea-salt sulfur (nssS) 389 
records from Greenland (NEEM, NEEM-2011-S1) on the NS1-2011 timescale between 500 BCE and 390 
1300 CE, with identified layer of Tianchi tephra67 highlighted (orange star). Calendar years are given 391 
for the start of volcanic sulfate deposition. Events used as fixed age markers to constrain the dating 392 
(i.e., 536, 626, 775, 939, and 1258) are indicated (purple stars). Annually resolved 10Be concentration 393 
record (green) from NEEM-2011-S1 encompassing the two ∆14C excursion events in trees from 775 394 
and 994; middle panel: tree-ring growth anomalies (relative to 1000-1099 CE) for the N-Tree 395 
composite42,43,76-78; lower panel: nssS records from Antarctica (WDC, B40) on the WD2014 timescale 396 
and annually resolved 10Be concentrations from WDC; b) superposed epoch analysis for the 28 397 
largest volcanic signals during the past 2,500 years. Tree-ring growth anomalies relative to the timing 398 
of reconstructed sulfate deposition in Greenland (NS1-2011) are shown for 1250 to 2000 CE and 500 399 
BCE to 1250 CE. 400 
Figure 3 | Global volcanic aerosol forcing and NH temperature variations for the past 2,500 years. 401 
a) 2,500 year record of tree-growth anomalies (N-Tree42,43,76-78; relative to 1000-1099 CE) and 402 
reconstructed summer temperature anomalies for Europe and Arctic3 ; 40 coldest single years and 403 
12 coldest decades based on N-Tree are indicated; b) reconstructed global volcanic aerosol forcing 404 
from bipolar sulfate composite records from tropical (bipolar), NH, and SH eruptions. Total (i.e., time 405 
integrated) forcing values are calculated by summing the annual values for the duration of volcanic 406 
sulfur deposition. 40 largest volcanic signals are indicated, and ages are given for events 407 
representing atmospheric sulfate loading exceeding Tambora 1815. 408 
Figure 4 | Post-volcanic cooling. Superposed composites (time segments from selected periods in 409 
the Common Era positioned so that the years with peak negative forcing are aligned) of the JJA 410 
temperature response to: a)-c) 24 largest eruptions (>Pinatubo 1991) for three regional 411 
reconstructions in Europe3,35,42; d)-f) 19 largest tropical eruptions; g) five largest NH eruptions; h) 412 
eruptions with negative forcing larger than Tambora 1815 for Central Europe and i) for Northern 413 
Europe (note the different scale for g-i); shown are JJA temperature anomalies (°C) for 15 years after 414 
reconstructed volcanic peak forcing, relative to the five years before the volcanic eruption. Dashed 415 
lines present two times the standard error of the mean (2 SEM) of the temperature anomalies 416 
associated with the multiple eruptions. 5-year average post-volcanic temperatures are shown for 417 
each reconstruction (lag 0 to lag +4 yrs, gray shading). 418 
Figure 5 | Volcanism and temperature variability during the Migration Period (500-705 CE). Upper 419 
panel: Ice-core non-sea-salt sulfur (nssS) records from Greenland (NEEM-2011-S1, TUNU2013). 420 
Insets give translations of historical documents describing observation of post-volcanic atmospheric 421 
effects in 536-537 and 626-627 CE. Calendar years for five large eruptions are given for the start of 422 
volcanic sulfate deposition; middle panel: reconstructed N-Tree growth anomalies (relative to 1000-423 
1099 CE) and occurrence of frost rings in North American bristlecone pine tree-ring records; lower 424 
panel: nssS records from Antarctica (WDC, B40) on the WD2014 timescale; attribution of the sulfur 425 
signals to bipolar, NH, and SH events based on the timing of deposition on the two independent 426 
timescales is indicated by shading. 427 
Methods 428 
Ice cores. This study included new and previously described ice-core records from five drilling sites 429 
(Extended Data Fig. 1, Supplementary Data). The upper 577 m of the 3,405 m WAIS Divide (WDC) 430 
core from central West Antarctica and a 410 m intermediate-length core (NEEM-2011-S1) drilled in 431 
2011 close to the 2,540 m North Greenland Eemian Ice Drilling (NEEM)50 ice core previously have 432 
been used to reconstruct sulfate deposition in both polar ice sheets16. These coring sites are 433 
characterized by relatively high snowfall (~200 kg m-2 yr-1) and have comparable elevation, latitude, 434 
and deposition regimes. WDC and NEEM-2011-S1 provided high-resolution records that allowed 435 
annual-layer dating based on seasonally varying impurity content16. New ice-core analyses included 436 
the upper 514 m of the main NEEM core used to extend the record of NEEM-2011-S1 to cover the 437 
past 2,500 years, as well as B40 drilled in 2012 in Dronning Maud Land in East Antarctica and 438 
TUNU2013 drilled in 2013 in Northeast Greenland – both characterized by lower snowfall rates (~70-439 
100 kg m-2 yr-1). Volcanic sulfate concentration from B40 had been reported previously for the past 440 
2,000 years17, but we extended measurements to 200 m depth to cover the past 2,500 years.  441 
High-resolution, ice-core aerosol analyses. Ice-core analyses were performed at the Desert 442 
Research Institute (DRI) using 55 to 100 cm long, longitudinal ice core sections (33 x 33 mm wide). 443 
The analytical system for continuous analysis included two Element2 (Thermo Scientific) high-444 
resolution inductively coupled plasma mass spectrometers (HR-ICP-MS) operating in parallel for 445 
measurement of a broad range of ~35 elements; an SP2 (Droplet Measurement Technologies) 446 
instrument for black carbon (BC) measurements; and a host of fluorimeters and spectrophotometers 447 
for ammonium (NH4+), nitrate (NO3-), hydrogen peroxide (H2O2), and other chemical species. All 448 
measurements were exactly co-registered in depth, with depth resolution typically less than 10-15 449 
mm51-53. We corrected total sulfur (S) concentrations for the sea-salt-sulfur contribution using sea-450 
salt-Na concentrations16. Measurements included TUNU2013 and NEEM (400-515 m) in Greenland, 451 
and B40 in Antarctica (Extended Data Fig. 1). Gaps (i.e., ice not allocated to DRI) in the high-452 
resolution sulfur data of the NEEM core were filled with ~4 cm resolution discrete sulfate 453 
measurements using fast ion-chromatography techniques54 performed in the field between 428 and 454 
506 m depth. 455 
Independent analyses of the upper part of the NEEM main core were performed in the field  456 
using a continuous flow analysis (CFA) system55 recently modified to include a new melter head 457 
design56. Ca2+, NH4+, and H2O2 were analyzed by fluorescence spectroscopy; Na+ and NO3- by 458 
absorption spectroscopy; conductivity of the meltwater by a micro flow cell (Amber Science Inc.); 459 
and a particle detector (Abakus, Klotz) was used for measuring insoluble dust particle concentrations 460 
and size distribution57. Effective depth resolution typically was better than 20 mm. Measurements 461 
were exactly synchronized in depth using a multicomponent standard solution; the accuracy of the 462 
depth assignment for all measurements typically was better than 5 mm.  463 
High-resolution measurements of 10Be in ice cores using accelerator mass spectrometry (AMS). 464 
Samples from the NEEM-2011-S1, WDC, NGRIP, and TUNU2013 ice cores encompassing the time 465 
period of the ∆14C anomalies from tree-ring records12,22-25 were used for 10Be analysis 466 
(Supplementary Data). NEEM-2011-S1 and WDC were sampled in exact annual resolution, using the 467 
maxima (minima in WDC) of the annual cycles of Na concentrations to define the beginning of the 468 
calendar year16. NGRIP was sampled at a constant resolution of 18.3 cm providing an age resolution 469 
of about one year. Similarly, TUNU2013 was sampled in quasi-annual resolution according to the 470 
average annual-layer thickness expected at this depth based on prior volcanic synchronization to 471 
NEEM-2011-S1. The relative age uncertainty for TUNU2013 with respect to the dependent NEEM-472 
2011-S1 chronology at this depth is assumed to be ±1 year at most given a distinctive match for 473 
selected volcanic trace elements in both ice core records (752-764 C.E., NS1-2011 timescale). Sample 474 
masses ranged between 100 and 450 g, resulting in median overall quantification uncertainties of 475 
less than 4–7%. The 10Be/9Be ratios of samples and blanks were measured relative to well-476 
documented 10Be standards13 by AMS at Purdue’s PRIME laboratory (WDC, NEEM-2011-S1, 477 
Tunu2013) and Uppsala University (NGRIP)58,59. Results were corrected for an average blank 10Be/9Be 478 
ratio, corresponding to corrections of 2–10% of the measured 10Be/9Be ratios.  479 
Annual-layer dating using the StratiCounter algorithm. For annual-layer interpretation, we used 480 
DRI’s broad-spectrum aerosol concentration data from WDC (188–577 m), NEEM-2011-S1 (183–411 481 
m), and NEEM (410–515 m), as well as NEEM aerosol concentration data (183–514 m) from the field-482 
based CFA system. The original timescale for NEEM-2011-S1 was based on volcanic synchronization 483 
to the NGRIP sulfate record on the GICC05 timescale and annual-layer interpretation between the 484 
volcanic age markers, while WDC previously was dated by annual-layer counting16. 485 
Parameters with strong intra-annual variability included tracers of sea salt (e.g., Na, Cl, Sr), 486 
dust (e.g., Ce, Mg, insoluble particle concentration), and marine biogenic emissions such as non-sea-487 
salt sulfur (nssS). Tracers of biomass-burning emissions, such as BC, NH4+, and NO3-, also showed 488 
strong seasonal variations in deposition during pre-industrial times16,60,61. Datasets used for annual 489 
layer interpretation are provided in Extended Data Table 1. For NEEM-2011-S1, the final database 490 
used for annual-layer dating included 13 parameters and the ratio of nssS/Na. For WDC, the final 491 
database included five parameters and the ratio of nssS/Na. For NEEM (410-515 m depth), the final 492 
database included eight parameters (Na+, Ca2+, NH4+, H2O2, NO3-, conductivity, insoluble particle 493 
concentrations, and ECM62) from the field-based measurements and eleven parameters (Na, Cl, Mg, 494 
Mn, Sr, nssS, nssS/Na, nssCa, BC, NO3-, NH4+) from the DRI system.   495 
We focused here on the time period prior to the large volcanic eruption of Samalas in 1257 496 
CE31, clearly detectable as an acidic peak in both ice-core records, and consequently started annual-497 
layer counting of NEEM-2011-S1, NEEM, and WDC at the depth of the corresponding sulfur signal. 498 
For the time period 1257 CE to present, ice-core chronologies were constrained by numerous 499 
historic eruptions and large sulfate peaks showing a strong association to Northern Hemisphere (NH) 500 
cooling events as indicated by tree-ring records16.  501 
We applied the StratiCounter layer-detection algorithm32 to the multi-parameter aerosol 502 
concentration records (n=14 for NEEM-2011-S1; n=6 for WDC; n=8 for NEEM <410 m; n=19 for NEEM 503 
>410 m) to objectively determine the most likely number of annual layers in the ice cores along with 504 
corresponding uncertainties. The StratiCounter algorithm is based on statistical inference in Hidden 505 
Markov Models (HMMs), and it determines the maximum likelihood solution based on the annual 506 
signal in all aerosol records in parallel. Some of these displayed a high degree of similarity, so we 507 
weighted these records correspondingly lower. The algorithm was run step-wise down the core, 508 
each batch covering approximately 50 years, with a slight overlap. All parameters for the statistical 509 
description of a mean layer and its inter-annual variability in the various aerosol records were 510 
determined independently for each batch as the maximum likelihood solution. The algorithm 511 
simultaneously computes confidence intervals for the number of layers within given sections, 512 
allowing us to provide uncertainty bounds on the number of layers between selected age-marker 513 
horizons (Extended Data Table 2).  514 
Annual-layer detection in the NEEM main core below 410 m was made more difficult by 515 
frequent occurrence of small gaps in the two independent high-resolution aerosol data sets. 516 
Depending on the parameter, data gaps from the CFA field measurements accounted for up to 20% 517 
of the depth range between 410 and 515 m, but the combined aerosol records from both analyses 518 
provided an almost complete aerosol record with 96% data coverage. As this was the first time that 519 
the StratiCounter algorithm was used simultaneously on data records from two different melt 520 
systems, with different characteristics and lack of exact co-registration, we also manually 521 
determined annual layers below 410 m using the following approaches: one investigator used Na 522 
and nssCa concentrations and the ratio of nssS/Na (from DRI analysis) as well as Na+ and insoluble 523 
particle concentrations (from CFA analysis) as primary dating parameters.  BC, NH4+, nssS, and 524 
conductivity were used as secondary dating parameters where annual-layer interpretation was 525 
ambiguous. A second investigator used DRI’s Na, Ca, BC, NH4+ and CFA Na+, Ca2+, NH4+. The annual-526 
layer interpretation of the NEEM core between 410 and 514 m from investigator 1 was within the 527 
interpretation uncertainties of the StratiCounter output, from which it differed less than a single 528 
year over the majority of this section, and it differed from independently counted timescales (e.g., 529 
GICC05)62 by on average less than three years (Extended Data Fig. 2). We decided to use this set of 530 
layer counts for the resulting timescale.  531 
New ice-core chronologies (NS1-2011, WD2014). We defined the depth of NEEM-2011-S1 532 
containing the maximum 10Be concentration as the year 775 CE. Relative to this constraint, the 533 
maximum likelihood ages for three large volcanic sulfate peaks were within ±1 year of documented 534 
historical reports from early written sources of prominent and sustained atmospheric dimming 535 
observed in Europe and/or Asia (Extended Data Table 3, Supplementary Data). Automated-layer 536 
identification for NEEM-2011-S1 was therefore constrained by tying the respective ice-core volcanic 537 
signals to the corresponding absolute historically-dated ages of 536, 626, and 939 CE (Extended Data 538 
Table 2) – thereby creating a new ice-core timescale (NS1-2011). The volcanic sulfur signal 539 
corresponding to the eruption of Samalas believed to have occurred in late 125731 was constrained 540 
to 1258 CE to account for several months’ delay in sulfate deposition in the high latitudes. Before 86 541 
CE (the bottom depth of NEEM-2011-S1), the NS1-2011 timescale was extended using the manually-542 
derived annual-layer interpretation of the combined NEEM aerosol data sets back until 500 BCE (Fig. 543 
2). 544 
In NS1-2011 we did not attribute acid layers to the historical eruptions Vesuvius 79 and 545 
Hekla 1104, due to a lack of corroborative tephra at these depths in this and a previous study63.  546 
Possible Vesuvius tephra was reported from the Greenland Ice Sheet Project (GRIP) ice core at 429.3 547 
m depth64, but in view of the new annual-layer dating results (Extended Data Fig. 3), we concluded 548 
that this layer dates to 87/88 CE. Furthermore, volcanic sulfate deposition values for the 549 
corresponding event show a strong spatial gradient over Greenland with highest values in NW 550 
Greenland16 and lowest in Central and South Greenland65, favoring the attribution of a volcanic 551 
source from the high latitudes. Documentary sources (Supplementary Data) also suggest that the 552 
main vector of ash transport following the Vesuvius 79 CE eruption was toward the eastern 553 
Mediterranean66.  554 
For WDC, we do not have other sufficiently well-determined age constraints besides the 555 
rapid 10Be increase in 775 CE and the sulfur signal of the Samalas 1257 eruption. Therefore, no 556 
additional constraints were used when creating the new ice-core timescale (“WD2014”) from the 557 
StratiCounter annual-layer interpretation back to 396 BCE.  558 
Depth-age information for six distinctive marker horizons in Greenland is given, and five of 559 
these horizons were used to constrain NS1-2011 (Extended Data Table 3). Similarly, depth 560 
information, the number of annual layers, and 95% confidence intervals between distinctive volcanic 561 
marker horizons are given for NEEM, NEEM-2011-S1, and WDC, supporting attribution of these ice-562 
core signals to eruptions in the low latitudes with bipolar sulfate deposition.   563 
Evaluation of NS1-2011 using independent age information. We evaluated timescale accuracy using 564 
additional distinctive age markers not used during chronology development: 565 
1) Tephra from the eruption of Changbaishan/Tianchi (China)67 was detected in NEEM-2011-S1 566 
in 946–947 CE, in agreement with widespread documentary evidence of an eruption in that 567 
region in winter 946/47 CE68also supported by a high-precision 14C wiggle-match age of 946 ± 568 
3 CE obtained from a tree killed during this eruption68.  569 
2) The rapid increase of 10Be of the 994 event occurred in NEEM-2011-S1 in 993 CE, consistent 570 
with ∆14C from Japanese tree rings showing that the rapid increase in radionuclide 571 
production took place between the NH growing seasons of 993 and 994 CE23. 572 
3) To assess the accuracy of the NS1-2011 timescale prior to the earliest age marker at 536 CE, 573 
we compiled an independent time series of validation points, featuring years with well dated 574 
historical reports of atmospheric phenomena associated with high-altitude volcanic dust 575 
and/or aerosols (Supplementary Data) as known from modern observations to occur after 576 
major eruptions (e.g., Krakatau, 1883). These phenomena include diminished sunlight, 577 
discoloration of the solar disk, solar coronae (i.e., Bishop’s Rings), and deeply red twilights 578 
(i.e., volcanic sunsets)69,70. Thirty-two events met our criteria as validation points for the pre-579 
536 CE NS1-2011 timescale. For the earliest in 255 BCE, it was reported in Babylonia that 580 
“the disk of the sun looked like that of the moon”73. For the latest in 501 CE, it was reported 581 
in North China that “the Sun was red and without brilliance”74. We found that NEEM volcanic 582 
event years (including both NEEM and NEEM-2011-S1 data) occurred closely in time (i.e., 583 
within a conservative ±3 year margin) to 24 (75.0%) of our validation points (Extended Data 584 
Figure 2). To assess whether this association arose solely by chance, we conducted a Monte 585 
Carlo equal means test with 1,000,000 iterations (Supplementary Data) and found that the 586 
number of volcanic event years within ±3 years of our validation points was significantly 587 
greater than expected randomly (p<0.001). A significant association was also observed 588 
(p<0.001) when using less conservative error margins (±1/±2 years) and when excluding any 589 
historical observations with less certainty of a volcanic origin (Supplementary Data). When 590 
placing volcanic event years on the original GICC05 timescale, we did not observe any 591 
statistically significant association with our independent validation points 592 
Potential causes of a previous ice-core dating bias. Interpretation of annual layers in ice cores is 593 
subject to accumulating age uncertainty due to ambiguities in the underlying ice-core profiles30,73. 594 
Bias in existing chronologies may arise from several factors, including: 1) low effective resolution of 595 
some ice core measurements (NGRIP, GRIP); 2) use of only single (or few) parameters for annual-596 
layer interpretation (GRIP, Dye-3); 3) intra-annual variations in various ice-core parameters falsely 597 
interpreted as layer boundaries (e.g., caused by summer melt in Dye-3)74; 4) use of tephra believed 598 
to originate from the 79 CE Vesuvian eruption64 as a fixed reference horizon to constrain the 599 
Greenland ice-core dating30; 5) use of manual-layer interpretation techniques that may favor 600 
interpretations consistent with a priori knowledge or existing chronologies (WDC)16,21. 601 
Volcanic synchronization of B40, TUNU2013, and NGRIP to WDC and NEEM. Two high-resolution 602 
sulfur ice-core records (TUNU2013, Greenland and B40, Antarctica) were synchronized to NEEM-603 
2011-S1 and WDC, respectively, using volcanic stratigraphic age markers17 with relative age 604 
uncertainty between the tie-points estimated to not exceed ±2 years. The NGRIP sulfate record 605 
measured at 4 cm depth resolution15 similarly was synchronized to NS1-2011 using 124 volcanic tie-606 
points between 226 and 1999 CE. During the time period with no sulfur record yet available for WDC 607 
(before 396 BCE), a tentative chronology for B40 was derived by linearly extrapolating mean annual-608 
layer thickness for B40 as derived from the synchronization to WDC between the earliest volcanic 609 
match points.  610 
2,500 year global volcanic forcing ice-core index. We constructed an index of global volcanic aerosol 611 
forcing by (1) re-dating and extending to 500 BCE an existing reconstruction of sulfate flux from an 612 
Antarctic ice-core array17 by applying an area weighting of 80/20 between East Antarctica and West 613 
Antarctica to B40 and WDC volcanic sulfate flux values, respectively; (2) compositing NGRIP and the 614 
NEEM-2011-S1/NEEM sulfate flux records to a similar Greenland sulfate deposition composite back 615 
to 500 BCE; (3) using established scaling functions6,75 to estimate hemispheric sulfate aerosol loading 616 
from both polar ice-core composites; and (4) scaling global aerosol loading to the total (i.e., time 617 
integrated) radiative volcanic aerosol forcing following the Tambora 1815 eruption7. Since the NS1-618 
2011 and WD2014 timescales are independent of each other, the timing of bipolar events had to be 619 
adjusted to follow a single timescale to derive a unified global volcanic forcing series. We chose NS1-620 
2011 as the reference chronology for most of the volcanic time series because this age model was 621 
constrained and validated by more stratigraphic age markers than WD2014. WD2014 was used as 622 
the reference chronology only between 150 and 450 CE, because of better data quality during that 623 
time period. TUNU2013 was not included in the Greenland ice-core composite because annual-layer 624 
thickness variability at this site is influenced strongly by glaciological processes, leading to relatively 625 
large uncertainties in atmospheric sulfur-deposition determinations. 626 
NH tree-ring proxy records and temperature reconstructions. To analyze the temporal coherence of 627 
our new ice-core dates of volcanic peak forcing relative to the implied cooling response, we 628 
compiled a composite record of multi-centennial records of tree growth at locations where 629 
temperature is the main limiting factor. We selected all available NH tree-ring proxy records meeting 630 
the following criteria: (1) covering >1,500 years; (2) no assumed chronological uncertainty; and (3) 631 
strong relationship to local temperature and/or already demonstrated sensitivity to volcanic forcing. 632 
In total, six records from three continents met the criteria42,43,76-78, though we excluded the Avam-633 
Taymir record in N-Siberia76 in order to give stronger weight to the two maximum latewood density 634 
records43,77, in many circumstances the preferred parameter to reconstruct annually resolved 635 
temperature variations35. As various climatic and non-climatic parameters may influence sensitivity 636 
of tree-growth to temperatures during the 20th century79-81 we used the time period 1000-1099 CE as 637 
a common baseline for standardizing tree growth anomalies among the five remaining records and 638 
built a tree growth composite record “N-Tree” (z-scores) by averaging the individual records. 639 
Correlations between “N-Tree” (N=5) and the average of three regional reconstructions for the 640 
Arctic, Europe, and Asia (N>275)3 between 1800 and 2000 are very high (R² = 0.78, N=201, 641 
p<0.0001), suggesting that much of the large-scale variation in temperature is explained by these 642 
few selected tree-ring records (Fig. 3). Three records in “N-Tree” cover the period from 138 BCE to 643 
the present, thus allowing at least a qualitative assessment of the coherence of growth reduction 644 
following large volcanic eruptions prior to the Common Era (Fig. 2, Extended Data Fig. 4). 645 
To quantify the CE climate impact and investigate regional differences, we used tree-ring-based JJA 646 
temperature reconstructions covering the past 2,000 years with demonstrated strong relationship (R  647 
≥ 0.5) to instrumental JJA temperature data82 between 1901 and 2000. For regions where these 648 
criteria were met by several reconstructions (e.g., Scandinavia), we limited the analysis to the most 649 
recently updated reconstruction35. Three regional reconstructions from Central Europe 42, Northern 650 
Europe35, and Northern Siberia (Jamal, not shown)83 as well as a continental-scale reconstruction for 651 
Europe3 met the criteria and were used to quantify the average response of summer temperature to 652 
volcanic forcing during the Common Era (Figs. 3, 4). 653 
Superposed epoch analyses. To assess tree-ring growth reduction and summer cooling following 654 
large eruptions, we used superposed epoch analyses84. We selected all volcanic eruptions (28 events 655 
in total, 24 CE events) with time-integrated volcanic forcing greater than -7.5 W m-2 (i.e., eruptions 656 
larger than Pinatubo 1991) and aligned the individual segments of “N-Tree” and regional JJA 657 
temperature reconstructions relative to ice-core indicated peak forcing. Composite response was 658 
calculated for the average of the individual series (lag 0 to lag 10 or 15 years) relative to the average 659 
values five years prior to individual volcanic events (lag -5 to lag -1 year). 95% confidence intervals 660 
represent 2 SEM of the tree-growth (Extended Data Figure 4) and temperature anomalies (Figure 4) 661 
associated with the multiple eruptions. 662 
Cryptotephra analyses of the 536 CE sample from NEEM-2011-S1. We analyzed samples from 663 
NEEM-2011-S1 for tephra between 326.73 and 328.06 m depth, corresponding to 531–539 CE (NS1-664 
2011 timescale).  Samples (200 to 500 g) were filtered, and elemental composition of recovered 665 
volcanic glass shards determined by electron microprobe analysis (EPMA) at Queen's University 666 
Belfast using established protocols63,67,85 and secondary glass standards86,87. Between 326.73 and 667 
327.25 m, large volume samples were cut at 8 cm depth resolution (≤0.5 yr) and with an average 668 
cross section of 26 cm2.  Between 327.25 and 328.06 m, the average cross section was 7 cm2 and 669 
depth resolution 20 cm (~1 yr resolution). Tephra particles (n ≥17) were isolated from a sample of ice 670 
(327.17–327.25 m depth, 251 g) corresponding to the sulfate spike at 536 CE. The glass shards were 671 
heterogeneous in size (20–80 µm), morphology (platey, blocky, vesicular, microlitic), and 672 
geochemistry (andesitic, trachytic, rhyolitic). Individual shards had geochemical compositions that 673 
share affinities with volcanic systems in the Aleutian arc (Alaska)88, Northern Cordilleran volcanic 674 
province (British Columbia)89, and Mono-Inyo Craters area (California)90,91 – indicating at least three 675 
synchronous eruptive events, all situated in western North America between 38 and 58°N (Extended 676 
Data Fig. 5; Supplementary Data). 677 
Data: The code for the StratiCounter program is accessible at the github repository 678 
(http://www.github.com/maiwinstrup/StratiCounter); ice-core data (chemistry, including sulfur; 679 
10Be) and resulting timescales for the NEEM, NEEM-2011-S1, WDC, B40 and TUNU2013 are 680 
accessible at repository (to be determined); volcanic forcing reconstruction and sulfate records are 681 
accessible at repository (to be determined); tree-ring records and temperature reconstructions are 682 
from Pages-2k Consortium (Database S1, S2) 683 
(http://www.nature.com/ngeo/journal/v6/n5/full/ngeo1797.html#supplementary-information). 684 
Extended Data Figure 1 | Location of study sites. Map showing locations of the five ice-core (WDC, 685 
B40, NEEM, NGRIP and TUNU) used in this study and sites of temperature limited tree-ring 686 
chronologies (green) 42,43,76-78 and sites with annual ∆14C measurements from tree-rings in the 8th 687 
century CE (red outline) are marked. 688 
Extended Data Figure 2 | Volcanic dust veils from historical documentary sources in relation to 689 
NEEM. Time series of 32 independently-selected chronological validation points from well-dated 690 
historical observations of atmospheric phenomena with known association to explosive volcanism 691 
(e.g., diminished sunlight, discolored solar disk, solar corona or Bishop’s Ring, red volcanic sunset) as 692 
reported in the Middle East, Mediterranean region, and China, prior to our earliest chronological age 693 
marker at 536 CE. Black lines represent the magnitude (scale on vertical y-axes) of annual sulfate 694 
deposition measured in NEEM (NEEM and NEEM-2011-S1 ice cores) from explosive volcanic events 695 
on the new NS1-2011 timescale. Red crosses depict the 24 (75%) historical validation points for 696 
which NEEM volcanic events occur within a conservative ±3 year uncertainty margin. Blue crosses 697 
represent the eight points for which volcanic events are not observed. The association between 698 
validation points and volcanic events is statistically significantly non-random at >99.9% confidence. 699 
Extended Data Figure 3 | Timescale comparison. Age differences of the timescales a) NS1-2011 and 700 
GICC05 for the NEEM-2011-S1/NEEM ice cores and b) WD2014 and WDC06A-7 for WDC. Differences 701 
before 86 CE (the bottom age of NEEM-2011-S1) deriving from the annual-layer counting of the 702 
NEEM core are shown for major volcanic eruptions relative to the respective signals in NGRIP on the 703 
annual-layer counted GICC05 timescale. Marker events used for constraining the annual-layer dating 704 
(solid line) and for chronology evaluation (dashed lines) are indicated. Triangles mark volcanic 705 
signals. Also indicated is the difference between WD2014 and the Antarctic ice-core chronology 706 
(AICC2012)92, based on volcanic synchronization between the WDC and EDC96 ice cores. 707 
Extended Data Figure 4 | Post-volcanic suppression of tree growth. Superposed epoch analysis for 708 
large volcanic eruptions using the a) 28 largest volcanic eruptions; b) 23 largest tropical eruptions; c) 709 
five largest NH eruptions; and d) eruptions larger than Tambora 1815 with respect to sulfate aerosol 710 
loading. Shown are growth anomalies of a multi-centennial tree-ring composite record (N-Tree) 10 711 
years after the year of volcanic sulfate deposition, relative to the average of five years before the 712 
events. Shading indicates 95% confidence intervals (2 SEM) of the tree-ring growth anomalies 713 
associated with the multiple eruptions. 714 
Extended Data Figure 5 | Major element composition for ice core tephra QUB-1859 and reference 715 
material. Shown are selected geochemistry data: (a) SiO2 vs. total alkali (K2O + Na2O); b) FeO (total 716 
iron oxides) vs. TiO2; c) SiO2 vs. Al2O3; and d) CaO vs. MgO) from 11 shards extracted from the NEEM-717 
2011-S1 ice core between 327.17 and 327.25 m depth, representing the age range 536.0–536.4 CE 718 
on the new, NS1-2011 timescale. Data for Late Holocene tephra from Mono Craters (California) are 719 
from the compilation by ref. 90 (all references in Methods); data for Aniakchak (Alaska) are from 720 
reference material published by ref. 88; and data for the early Holocene upper Finlay tephra , 721 
believed to be from the Edziza complex in the Upper Cordilleran Volcanic province (British 722 
Columbia), are from ref. 89. 723 
Extended Data Table 1 | Ice-core dating. Parameters used for annual-layer interpretation. 724 
Parameters measured by the CFA system in the field are underlined. Stratigraphic age marker used 725 
to constrain annual-layer counting (*) and horizons used to evaluate the timescale (†). 726 
Extended Data Table 2 | Annual-layer results using the StratiCounter program. Maximum-727 
likelihood number of annual layers and confidence intervals derived from annual-layer counting 728 
between distinctive marker horizons and corresponding ages relative to the 775 CE 10Be event. 729 
*UE: Unattributed volcanic signal and year of sulfate deposition based on final age models (negative 730 
numbers are Year BCE).   731 
†Year (BCE/CE) calculated from the number of annual layers relative to the fixed age marker in 775 732 
CE. 733 
‡Depth has been estimated from the average depth offset between NEEM-2011-S1 and NEEM.  734 
§Fixed age marker based on the 10Be maximum annual value. 735 
||Section with 6 m gap in the NEEM 2011-S1 core DRI data (this section is not used for calculating 736 
average age). 737 
¶ This section is based on the NEEM field CFA data, since the DRI data does not cover the entire 738 
interval. 739 
# Section is based on combined data set of DRI and field-measured CFA data.  The number of annual 740 
layers in this section from manual interpretation by investigator 1 was 383 (±7), and that of 741 
investigator 2 was 393 (±8) layers. Most of the difference between the three layer counts was 742 
occurring below 480 m (i.e., before 300 BCE), where data gaps were more frequent.   743 
☆Independent age markers used to constrain annual-layer dating in a second iteration to derive the 744 
final ice-core age model NS1-2011. 745 
**Tephra particles were extracted from the depth range 327.17–327.25 m depth (see 746 
Supplementary Data). 747 
††Unattributed volcanic signal that was previously attributed to the historic 79 CE eruption of 748 
Vesuvius64. 749 
Extended Data Table 3 | Historical documentary evidence for key volcanic eruption age markers 750 
536-939 CE. A comprehensive list of all sources, including translations and assessment of the 751 
confidence placed in each source and its chronological information is given in Supplementary Data. 752 
Extended Data Table 4 | Large volcanic eruptions during the past 2,500 years. Years with negative 753 
numbers are before the Common Era (BCE). Tentative attribution of ice-core signals to historic 754 
volcanic eruptions is based on the Global Volcanism Program volcanic eruption database93. Average 755 
temperature for the associated cold year is given for the average of Europe and the Arctic3. 756 
*Total global aerosol forcing was estimated by scaling total sulfate flux from both polar ice sheets to 757 
the reconstructed total (i.e., time integrated) aerosol forcing for Tambora 18157 (Methods); for high 758 
latitude NH eruptions, Greenland fluxes were scaled by a factor of 0.576. 759 
† Unattributed volcanic events (UE) and tentative attributions for non-documented historic 760 
eruptions (?) are marked. 761 
Extended Data Table 5 | Post-volcanic cooling. Coldest years and decades (1–2000 CE, JJA 762 
temperature wrt. 1901–2000) for Europe3 and years (500 BCE–1250 CE) and decades (500 BCE–2000 763 
CE) with strong growth reduction in the N-Tree composite( wrt. 1000–1099). Ages of the volcanic 764 
events from the ice cores reflect the start of volcanic sulfate deposition in Greenland (NS1-2011 765 
timescale) with the largest 40 events indicated in bold letters and tropical eruptions underlined. 766 
Years with negative numbers are before the Common Era (BCE).  767 
* Latewood frost ring in bristlecone pines within ±1 year34 768 
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Extended Data Table 2 | Annual-layer results using the StratiCounter program.  
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Supplementary Data: Historical documentary evidence of volcanism in 79, 536‐37, 626‐627, 939 CE 
Date Source 
Number 
Author and/or 
source 
Rank
† 
Translation References Notes 
Event 1, Consensus Date, 536-537, Age Marker 
536-537 1 The Chronicle of 
Pseudo-Zachariah 
Rhetor 
A The whole city was disturbed, and the earth with all that is 
upon it shook at the arrival of Agapetus [Pope Agapetus I 
arrived in Constantinople, March 536]. The sun began to 
become dark at daytime, and the moon by night, while the 
ocean was stormy with spray [alternatively: clouded by 
spray] from the 24th of the same month of this year [March, 
536] until the 24th of June of the following [indiction] year 
fifteen [537] … The winter was [so] harsh that from the 
unusual amount of snow the winged creatures perished, and 
... [from here there are lacunae in the manuscript] there was 
affliction ... that people in ... from awful things and ... not in 
each place that they were exposed to it. 
The Chronicle of 
Pseudo-Zachariah 
Rhetor, Geoffrey 
Greatrex, ed., R.R. 
Phenix & C.B. Horn, 
trans., (Liverpool, 
2011), p. 370. 
Uncertain: 534, 
536 or 537 
2 Letter of Magnus 
Aurelius 
Cassiodorus 
Senator to 
Ambrosius, his 
Deputy 
B How strange it is, I ask you, to see the principal star [the 
Sun], and not its usual brightness; to gaze on the moon, 
glory of the night, at its full, but shorn of its natural 
splendour? All of us are still observing, as it were, a blue-
coloured sun; we marvel at bodies which cast no mid-day 
shadow, and at that strength of intensest heat reaching 
extreme and dull tepidity. And this has not happened in the 
momentary loss of an eclipse, but has assuredly been going 
on equally through almost the entire year… Hence it is that, 
for so long, the rays of the stars have been darkened with an 
unusual colour; that the harvester dreads the novel cold; 
that the fruits have hardened with the passage of time; that 
the grapes are bitter in their old age. 
Selected Variae of 
Magnus Aurelius 
Cassiodorus Senator, 
S.J.B. Barnish, trans. 
(Liverpool, 1992), p. 
180. 
The descriptions of these phenomena are 
those of an eyewitness, but the letter was 
not dated and historians have variously 
estimated its date of composition to 534, 
536, or 537. 
536-537 3 Procopius, Wars A And it came about during this year that a most dread 
portent took place. For the sun gave forth its light without 
brightness, like the moon, during this whole year, and it 
seemed exceedingly like the sun in eclipse, for the beams it 
shed were not clear nor such as it is accustomed to shed. 
And from the time when this thing happened men were free 
neither from war nor pestilence nor any other thing leading 
to death. And it was the time when Justinian was in the 
tenth year of his reign [1 August 536 – 31 July 537].  
Procopius, History of 
the Wars, H.B. 
Dewing, trans. 
(Harvard, 1916), 
4.14. 
 535-536 4 John Lydos, On 
Portents 
A If the sun becomes dim because the air is dense from rising 
moisture - as happened in the course of the recently passed 
fourteenth indiction [535/536] for nearly a whole year, when 
Belisarios held the consular office so that the produce was 
destroyed because of the bad time - it predicts heavy 
trouble in Europe. And this we have seen from the events 
themselves, when many wars broke out in the west and that 
tyranny was dissolved, while India, and the Persian realm, 
and whatever dry land lies toward the rising sun, were not 
troubled at all. And it was not even likely that those regions 
would be affected by the calamity because it was in Europe 
that the moisture in question evaporated and gathered into 
clouds dimming the light of the sun so that it did not come 
into our sight or pierce this dense substance.  
Excerpt from John 
Lydos, On Portents, 
Antti Arjava trans., 
‘The Mystery Cloud 
of 536 CE in the 
Mediterranean 
Sources’, Dumbarton 
Oaks Papers, 59 
(2005), 73 – 94, here 
p. 80. 
This source leaves open (but is not 
confirmation of) the possibility of volcanic 
atmospheric effects beginning in 535 CE. 
536-537 5 Michael the Syrian B In the year 848 [536/537] there was a sign in the sun the like 
of which had never been seen and reported before in the 
world. If we had not found it recorded in the majority of 
proved and credible writings and confirmed by trustworthy 
people, we would not have recorded it; for it is difficult to 
conceive. So it is said that the sun became dark and its 
darkness lasted for one-and-a-half years, that is, eighteen 
months. Each day it shone for about four hours, and still this 
light was only a feeble shadow. Everyone declared that the 
sun would never recover its original light. The fruits did not 
ripen, and the wine tasted like sour grapes. 
Michael the Syrian, 
Chronicle, J.B. 
Chabot, ed. and 
trans., 2 (Paris, 1899 
– 1910), pp. 220 – 
221. 
Late twelfth century sources, but reliable 
transmitter of earlier lost texts. 
536-537 6 Bar Hebraeus B And in the year eight hundred and forty-eight [AG = 536/537 
CE] there was a sign in the sun the like of which had never 
before appeared. The sun became dark and his darkness 
lasted for eighteen months. Each day the middle of heaven 
shone faintly with a shadowy light, and every man decided 
that [the Sun] would never recover its full light. That year 
the fruits did not ripen and the wine tasted like urine.  
 
The Chronography of 
Bar Hebraeus, E.A. 
Wallis Budge, trans., 
1 (Oxford, 1932), pp. 
74 –75. 
Late thirteenth century, but broadly 
reliable transmitter of lost texts. 
 Event 2, Consensus Date, 626-627, Age Marker 
626-627 1 Theophilus of 
Edessa 
B There was an eclipse of the sun and it lasted from October 
[626] until June [627], that is, for nine months. Half of its disc 
was eclipsed and the other half not; only a little of its light 
was visible. There was an eclipse of the sun and stars were 
visible in the daytime. 
Theophilus of 
Edessa’s Chronicle, R. 
G. Hoyland, trans. 
(Liverpool, 2011), p. 
73. 
Lost eyewitness source, reconstructed from 
Agapius of Manbij, Kitab al-'Unwaiv [A. A. 
Vasiliev ed., ‘Kitab al-‘Unvan, histoire 
universelle ecrite par Agapius (Mahboub) 
de Menbidj’, Part 2.2, Patrologia Orientalis, 
8 (1912), 399 -547] and Michael the Syrian 
[Michael the Syrian, Chronicle, J. B. Chabot, 
ed. and trans., 2 (Paris, 1899 – 1910).]  
 
Note, the second sentence of this record 
likely refers to the solar eclipse of 21 April 
627, visible as partial across much of the 
Middle East, whereas the phenomenon 
described in the first sentence is clearly too 
long to be an eclipse. Both phenomena are 
likely conflated in the source because of 
their thematic similarity [see Event 3 for 
similar]. 
627-628 2 Bar Hebraeus C And in the sixth year of the Arabs a portion of the 
hemisphere of the sun departed, and there was darkness 
from the month of the First Teshrin [October 627] till the 
month of Haziran [June 628]. [It lasted so long] that men 
used to say that the sphere of the sun would never become 
whole and perfect again. And the zanta, that is to say the 
sickness of the shar'ata tumour, broke out in Palestine, and 
tens of thousands of men died of the disease. 
The Chronography of 
Bar Hebraeus, E.A. 
Wallis Budge, trans., 
1 (Oxford, 1932), p. 
90. 
Late thirteenth century, but broadly 
reliable transmitter of lost texts. Clearly 
derived from Theophilus, Bar Hebraeus 
offers more detail, but a date that is one 
year in advance of Theophilus. 
624 3 Annales Cambriae 
A 
C The sun was obscured.  Annales Cambriae: a 
translation of 
Harleian 3859; PRO 
E.164/1; Cottonian 
Domitian, A 1; Exeter 
Cathedral Library MS. 
3514 and MS 
Exchequer DB Neath, 
PRO E, P. M. Remfry, 
trans. (Castle Studies 
Research and 
Publishing, 2007), p. 
46 
Tenth-century Welsh source containing 
earlier material. The modern editor, P. M. 
Remfry, believes the date to be 
inaccurately transmitted, correcting the 
manuscript’s 624 to 627. 
 623 
(uncorrected 
AD/CE 
equivalent 
supplied by 
McCarthy 
(2005) - see 
Notes) 
4 Annals of 
Tigernach 
B A dark year. The Annals of 
Tigernach, trans. 
Gearóid Mac Niocaill 
(Cork, 2010).  
http://www.ucc.ie/c
elt/published/T1000
02A/index.html 
(Accessed 8 
September 2014). 
High-medieval Irish source that generally 
faithfully incorporates earlier eyewitness 
records, though with chronological errors 
in the seventh century. We follow Daniel 
McCarthy's systematic and independently 
verified corrections to the chronology of 
Irish annalistic texts, which place this event 
in 627 CE. [See Daniel McCarthy, 
'Chronological synchronisation of the Irish 
Annals', 4th edition, (2005), 
www.cs.tcd.ie/misc/kronos/chronology/sy
nchronisms/Edition_4/K_trad/K_synch.htm 
(accessed 8 September 2014).]  
624 
(uncorrected 
manuscript 
AD/CE year) 
5 Annals of Ulster B A dark year. The Annals of Ulster 
to A.D. 1131, ed. & 
trans. Sean Mac Airt 
and Gearóid Mac 
Niocaill (Dublin, 
1983), p. 113. 
Late-fifteenth to early-sixteenth-century 
Irish compilation of many early sources, 
including eyewitnesses. Known to be 
generally reliable in incorporating earlier 
sources, but with chronological errors for 
the seventh century. We follow McCarthy's 
corrections (ibid.) in placing this event in 
627 CE. 
626 (AD/CE 
equivalent 
date supplied 
by modern 
editor) 
6 Annals of Inisfallen D Eclipse of the sun. The Annals of 
Inisfallen, ed. & 
trans., Sean Mac Airt. 
(Dublin, 1944), p. 87. 
High-medieval Irish source, with frequently 
unreliable chronology in earlier centuries. 
This source also often severely abbreviates 
and amends early material. In the present 
case, it is highly likely that the scribe has 
misunderstood the report of a dark year as 
found in earlier sources (and faithfully 
preserved in the Annals of Tigernach and 
Annals of Ulster), inferring that it describes 
a solar eclipse, though none were visible in 
Ireland in 626 or 627. 
 Event 3, Consensus Date, 939, Age Marker 
938 and/or 939 1 Annales Casinates A In the twelfth indiction [1 September 938 – 31 August 939], 
the thirteenth day from the end of July [19 July], day six 
[Friday], day 29 of the lunar month, the sun was eclipsed 
from the third hour all the way up to nearly the fifth hour. 
We observed the sun: it did not have any strength, 
brightness, nor heat. Indeed, we saw the sky and its colour 
changed, as if flushed. And others said that the sun was seen 
as if halved. 
Annales Casinates, 
Monumenta 
Germaniae Historica, 
Scriptores, ed. G.H. 
Pertz 3 (Hannover, 
1839), p. 172. Trans. 
for this paper by 
Conor Kostick. 
This entry was mistakenly listed under 938 
in the manuscript, but the cited indiction 
year (i.e. the 12th indiction) is correct for 
September 938 to August 939. The eclipse 
details as given in the first sentence are 
precise for the solar eclipse as visible from 
Monte Cassino, Italy, on 19 July 939. It is 
not certain whether the second sentence 
represents a continued description of the 
solar eclipse, or whether it is a different 
phenomenon that has been conflated 
because of its thematic similarity to the 
eclipse. It possesses many hallmarks of a 
volcanic dust-veil (e.g. the sun's lack of 
strength and heat, and a reddened sky). 
Alternatively, the colourful description may 
reflect the spectacle of a deep eclipse 
further enhanced by atmospheric volcanic 
aerosols.  
939 2 Chronicon 
Scotorum 
B The sun was the colour of blood from the beginning of day 
to midday on the following day. 
Chronicon Scotorum, 
William M. Hennessy 
& Gearóid Mac 
Niocaill, ed. & trans. 
(Cork, 2010). 
http://www.ucc.ie/c
elt/published/T1000
16/index.html 
(Accessed 8 
September 2014) 
Seventeenth-century Irish source, but with 
unique content from earlier and now-lost 
sources. This event, too extended to be a 
solar eclipse, has been widely considered 
an observation of Eldgjá's (Iceland) volcanic 
plume or dust-veil, and is reliably dated to 
939. [See Francis Ludlow et al., 'Medieval 
Irish chronicles reveal persistent volcanic 
forcing of severe winter cold events, 431-
1649 CE', Environmental Research Letters, 8 
(2013), doi:10.1088/1748-
9326/8/2/024035, and references therein.] 
 933 3 Mageoghagan's 
Book, or Annals of 
Clonmacnoise 
C The sun for one day appeared like blood until noon the next 
day. 
The Annals of 
Clonmacnoise, being 
Annals of Ireland 
from the earliest 
period to A.D. 1408, 
translated into 
English A.D. 1627 by 
Conell Mageoghagan 
and now for the first 
time printed, Dennis 
Murphy, ed. (Dublin, 
1896). 
Seventeenth-century Irish source that often 
amends and elaborates upon the content 
of earlier sources from which it draws. R. B. 
Stothers [‘Far Reach of the Tenth Century 
Eldgjá Eruption, Iceland’, Climatic Change, 
39 (1998), 715 – 726] uses the 933 date 
from this source in support of an earlier 
eruption date for Eldgjá. However, the 
source has an unreliable chronology for the 
first millennium CE, and can be shown to 
have a systematic off-set of 6 years at this 
time. [See Daniel McCarthy, 'Irish 
chronicles and their chronology', (2005). 
www.cs.tcd.ie/misc/kronos/chronology/sy
nchronisms/annals-chron.htm (Accessed 8 
September 2014).] Stothers does not note 
the later and reliable date of 939 (above) 
from the Chronicon Scotorum. 
 Uncertain: 
Before July 
936, if read 
verbatim. 
4 Widukind of 
Corvey, The Deeds 
of the Saxons 
B In this year, [941] certain portents appeared, namely 
comets. For they could be seen from the fifteenth Kalends of 
November [18 October] all the way up to the Kalends 
themselves [1 November]. Many people were terrified by 
these sights, they were dreading either a great pestilence or 
at any rate a change in royal power. For certain portents 
were revealed before the passing of King Henry [Henry I, the 
Fowler, 2 July 936], such as that while outside even though 
no cloudy tail covered it, the brilliance of the sun failed to 
appear but inside, that a red colour li e blood poured 
through the windows of houses. The mount also, where the 
remains of the lord of things [Possibly  lflj tr, the founder, 
lawgiver, and first lawspeaker of the united Icelandic 
Parliament, see R.B. Stothers, ‘Far Reach of the Tenth 
Century Eldgjá Eruption, Iceland’, Climatic Change, 39 
(1998), 715 – 726, here p. 719] are buried, according to 
rumour, vomited many flames in that region. Furthermore, 
the left hand of a certain man having been cut off by the 
sword, almost a year later it was completely restored as he 
was sleeping, as a sign of this miracle a bloody line was 
noted at the place of the join. But there were comets and a 
great flood, and a cattle pestilence followed the flood. 
Widukind of Corvey, 
The Deeds of the 
Saxons, Monumenta 
Germaniae Historica, 
Scriptores, ed. G.H. 
Pertz 3 (Hannover, 
1839), II.32. Trans. 
for this paper by 
Conor Kostick. 
R. B. Stothers [ibid.] argues that the dim 
sun occurs before 936, also drawing for 
support upon ice core dates that place an 
eruption in the early 930s. But doubt exists 
regarding Widukind's dating of this event, 
because it clearly suits his purpose to make 
a failing sun (and other ominous 
phenomena) act as a portent of the death 
of King Henry I. 
Miscellaneous, 79 CE, Age Marker for GICC05 Chronology 
79 1 Cassius Dio, 
Roman History 
B An inconceivable quantity of ashes was blown out, which 
covered both sea and land and filled all the air. It wrought 
much injury of various kinds, as chance befell, to men and 
farms and cattle, and in particular it destroyed all fish and 
birds. Furthermore, it buried two entire cities, Herculaneum 
and Pompeii, the latter place while its populace was seated 
in the theatre. Indeed, the amount of dust, taken all 
together, was so great that some of it reached Africa and 
Syria and Egypt, and it also reached Rome, filling the air 
overhead and darkening the sun. 
Greek text at Marie-
Laure Freyburger-
Galland, ‘Les 
phénomènes 
volcaniques chez 
Dion Cassius’ in Eric 
Foulon, ed. 
Connaissance et 
représentations des 
volcans dans 
l'antiquité: actes du 
colloque de 
Clermont-Ferrand 
2002 (Clermont-
Ferrand, 2004), pp. 
139 – 157, here p. 
144. English 
translation at 
http://penelope.uchi
cago.edu/Thayer/E/R
oman/Texts/Cassius_
Dio/66*.html 
(Accessed 25 August 
2014). 
This historical observation is cited as 
evidence of a significant southeasterly 
component in ash dispersal of the 79 CE 
eruption. [See also G. Rolandi et al., 'The 79 
AD eruption of Somma: The relationship 
between the date of the eruption and the 
southeast tephra dispersion', Journal of 
Volcanology and Geothermal Research, 169 
(2007), 87-98.] 
 
Note also: The relevant books of Cassius 
Dio, (66, 21, 1-24, 3) are only available 
through an epitome, that by the Byzantine 
monk Joannes Xiphilinus, Constantinople, c. 
1075. 
 † Source 
reliability 
ranking 
Rationale 
A Eyewitness or contemporary with a reliable chronology. 
B Eyewitness or contemporary but with some chronological uncertainty. Or: Neither eyewitness nor contemporary but has a reliable chronology and/or accurately conveys the 
information from earlier works. 
C Eyewitness or contemporary but with evidence of errors or fabrications. Or: Neither eyewitness nor contemporary and with an unreliable chronology. 
D Neither eyewitness nor contemporary and with evidence of errors or fabrication. 
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Supplementary Data. Historical documentary evidence of volcanic dust veils, pre‐536 CE 
Date 
(BCE/CE) 
Summary Rank Sources and/or 
authors 
Regions References 
255 BCE Disk of the sun resembles moon Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1989) 
247 Disk of the sun resembles moon, also 
multiple incidence of haze and mist, 
and dense mist [1] 
Possible Astronomical 
dairies 
Babylonia Sachs & Hunger (1989) 
231 Disk of the sun resembles moon, 
multiple observations 
Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1989) 
221 Disk of the sun resembles moon Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1989) 
217 Sun’s disk contracted/diminished; 
additionally: the sun fights/struggles 
with the moon [2] 
Possible Livy 22.1.9-10 Mediterranean Stothers (2002) 
212 Sun’s disk unusually red, like the color 
of blood 
Probable Livy 25.7.8 Mediterranean Stothers (2002) 
208 Stars fade/invisible for three months Probable Table of dynastic 
records (cf. Pang, 
1991) 
North China Pang et al. (1987), 
Stothers (2002) 
203 Disk of the sun resembles moon; also, 
mist and haze cover sky, and solar 
halo 
Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1989) 
200 Sun’s disk appears reddened Probable Livy 31.12.5 Mediterranean Stothers (2002) 
183 Disk of the sun resembles moon Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1989) 
164 Disk of the sun resembles moon; also 
“billowing” solar and lunar halos, and 
multiple (non-billowing) solar halos 
Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1996) 
161 Disk of the sun resembles moon Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1996) 
147 Coloured rings surround sun Probable Obsequens Mediterranean Schlesinger (1959) 
145 to 
144 
Recurring redness over eastern and 
western skies, September to October 
[145 BCE]; later, billowing halo 
(solar/lunar) and further solar and 
lunar halos [all in 145 BCE]. Reddened 
skies over Babylon, July to August [144 
BCE] 
Probable Astronomical 
diaries 
Babylonia Stothers (2002), Sachs & 
Hunger (1996) 
141 Disk of the sun resembles moon, 
multiple observations; also, multiple 
incidence of billowing solar and lunar 
halos 
Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1996) 
137 Disk of the sun resembles moon, 
multiple observations; also, haze, 
multiple observations, and solar halo 
Probable Astronomical 
dairies 
Babylonia Sachs & Hunger (1996) 
125 to 
124 
Billowing solar halo, also multiple 
billowing lunar halos, and lunar halo, 
dense haze and mist [3] 
Possible Astronomical 
dairies 
Babylonia Sachs & Hunger (1996) 
121 A sky bow surrounds the Sun Possible 
[4] 
Pliny the Elder 2.29 
[5] 
Mediterranean Stothers (2002) 
90 A red ring surrounds the Sun Probable Pliny the Elder 2.29 
[5] 
Mediterranean Stothers (2002) 
84 Repeated incidence of dense haze & 
mist [6] 
Possible Astronomical 
dairies 
Babylonia Sachs & Hunger (1996) 
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44 to 42 Prolongued eclipse of the Sun, almost 
a year’s continuous gloom 
(Mediterranean); Pale blue sun, 
casting no shadows (China) 
Probable Mediterranean 
summary from Pliny 
the Elder 2.30 [7]; 
Chinese summary 
from Han-Shu 
Mediterranean, 
China 
Forsyth (1988), Yau et al. 
(1988), Bicknell (1993), 
Stothers (2002); 
Oppenheimer (2011) 
32 Orange sky, darkness in daytime Probable Han-Shu China Yau et al. (1988) 
14 CE Sun was completely eclipsed [8] Possible Cassius Dio 56.29.3 
& others (see 
Stothers (2002)) 
Mediterranean Stothers (2002) 
188 Orange (reddish-yellow) solar disk Probable Hou-Han-Shu, Zhi China Yau et al. (1988) 
300 Yellow fog covers the Sun [9] Possible Song Shu Wu Xing 
Zhi 
China Wittman & Xu (1987) 
308 Sun concealed by dark yellow vapour Probable Jin-Shu, Zhi China Wittman & Xu (1987) 
311 Sunlight discolored red and also 
anything it illuminates 
Probable Jin-Shu, Zhi China Yau et al. (1988) 
352 Solar disk discolored red Probable Chin-Shu China Yau et al. (1988) 
360 Dark mist obscures sky, sun disappears 
from dawn to noon [10] 
Possible Ammianus 
Marcellinus 20.3.1 
Mediterranean 
or Middle East 
McCormick et al. (2012) 
416 
and/or 
417 
Darkness during the day [11] Probable Marcellinus Comes Mediterranean Croke (1995), McCormick 
et al. (2012) 
499 Sun dispossessed of light at dawn, disk 
like silver, without brilliance, can be 
gazed on without harm; phenomenon 
continues to eighth hour [12] 
Probable Summary from 
Chronicle of Pseudo-
Joshua Stylite 
Mediterranean Witakowski (1996), 
Tombley & Watt (2000), 
McCormick et al. (2012) 
501 Sun red and dim, or without brilliance  Probable Wei-Shu North China Wittman & Xu (1987), Yau 
et al. (1988) 
NOTES 
[1] The relatively rare reports that characterize (in Babylonian astronomical diaries) the disk of the sun as resembling that 
of the moon, indicating diminished light and a discolored solar disk, are generally taken as probable indications of high-
altitude dust or aerosol layers. In this year, 247 BCE, it is also reported that red sand fell from the sky. High-altitude non-
volcanic dust may explain (or have additionally contributed to) the rare characterization of the sun this year. We thus rank 
a volcanic dust-veil this year as Possible, rather than Probable (see Supplementary Methods). 
[2] Uncertainty exists over whether this event can be explained by a partial solar eclipse on 11 February 217 BCE, visible 
widely in the Mediterranean region (Stothers, 2002). While Livy’s description of the sun struggling with the moon is 
reminiscent of a solar eclipse, Livy in fact reports this separately to his description of a diminished sun (a point not noted 
by Stothers (2002)), and which is more reminiscent of a volcanic dust veil. Given that both events may well be distinct, we 
include the latter in our list, but assign it a rank of Possible, only.  
[3] Solar halos are common in Babylonian astronomical diaries. While some may in fact be volcanic solar coronae (i.e. 
Bishop’s Rings), their description in the diaries rarely allows discrimination. By contrast, solar haloes described as 
“billowing” are less common. With a notable confluence of additional halos, “dense” haze and mist this year, we consider 
this sufficient evidence for increased atmospheric turbidity consistent with volcanic atmospheric aerosol presence, 
meriting inclusion in our list with a rank of Possible, spanning 125 to 124 BCE. 
[4] We rank this “sky bow” as Possible because the lack a reference to the colour of the bow leaves open the possibility 
that it may be a solar halo rather than corona.  
[5] Stothers (2002) cites these observations (at 121 and 90 BCE) as found in Book 2, Chapter 98 of Pliny the Elder’s Historia 
Naturalis. However, both are correctly found in Book 2, Chapter 29 (i.e. Pliny 2.29). 
[6] Haze and mist are often reported in Babylonian astronomical diaries, which is expected given the frequent aridity of 
the region (present-day Iraq). Thus, such reports do not alone merit inclusion as a validation point. However, for this year 
(84 BCE) haze and mist (often specifically characterized as “dense”) are exceptionally persistent. We take this as indicative 
of a dry fog or dust-veil, but rank it Possible only. 
[7] An extensive literature is available on this dust veil, which is likely to have lasted from 44 to 42 BCE. See literature cited 
in References column, above. 
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[8] As Stothers (2002) notes, there is no total solar eclipse for 14 CE in the presumed Mediterranean region of recording 
that can explain this observation. However, as Stother’s further notes, this event may be an allegorical omen of August 
Caesar’s death this year. The event’s fabrication cannot be proven, however, and should not be simply assumed. We thus 
include this event but rank it Possible, only. 
[9] This event’s description is not fully certain. Wittman & Xu (1987) translate it as: "There was a Sun's fighting, and yellow 
fog covered all around". The sun’s fighting may refer to an eclipse or sunspot, which can be more easily observed when 
the sun is veiled by high-altitude dust or aerosol and are thus often associated with volcanic dust-veils (Scuderi, 1990). The 
reference to yellow fog is also notable. We rank this event as Possible. 
[10] No solar eclipse occurred for 360 CE in the Mediterranean region. An eclipse occurred further east, visible from 
central present-day Iraq and eastward into the Pacific (Espenak & Meeus, 2006). Because Ammianus Marcellinus, a major 
Roman historian, is unlikely to have witnessed this eclipse himself, and because of the incompatibility of many aspects of 
Ammianus’s description with a solar eclipse, the event has generated considerable debate. Scholars have advanced 
theories concerning communication networks available to Ammianus, his location at the date of the eclipse, and the 
historical reliability of his reporting (see, e.g., Barnes (1998) and references therein). Few appear to have considered that 
this report may incorporate genuine aspects of a volcanic dust-veil observation, consistent with much of the description. 
We thus include the event, ranked Possible.  
[11] Marcellinus simply reports that “there was darkness during the day”. This stands in marked contrast to his explicit 
and verifiably correct (see Espenak & Meeus (2006)) report of a solar eclipse occurring in 418 CE, thereby leaving open the 
nature and duration of the phenomena described here. Moreover, no appropriate eclipse was visible in 416 or 417 CE 
(Espenak & Meeus, 2006). The exact Julian year date is uncertain because Marcellinus dates according to the Indiction, i.e. 
the event is dated to the “15
th
 indiction, consulship of Honorius (11
th
) and Constantius (2
nd
)”, spanning 1 September 416 to 
31 August 417 CE (see Croke (1995)). We rank this candidate dust-veil as Probable. 
[12] This phenomenon bears many hallmarks of a volcanic dust-veil observation, also occurring for too long to be a solar 
eclipse. It is reported in several sources (see literature in References column, and citations therein), though with slightly 
divergent dating. We rank this event a Probable dust-veil, and prefer the date of 499 from Pseudo-Joshua the Stylite 
(Trombley & Watt, 2000), in being a broadly reliable and probable eye-witness to events at this time. 
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Supplementary Data: Monte Carlo equal means test of association between NEEM volcanic events and historical validation 
points 
Validation points and 
probably-only subset 
Margin 
(years) 
Validation points 
with NEEM volcanic 
events within margin 
Mean number of NEEM volcanic events 
observed within each margin (whole period 
mean, 258 BCE to 504 CE, is 0.11155) 
Probability of 
observed value 
occurring randomly 
All 32 validation points +/-3 24 of 32 (75.0%) 0.24017 (n = 229, i.e. sum of years in margins) <0.001 
All 32 validation points +/-2 20 of 32 (62.5%) 0.26061 (n = 165) <0.001 
All 32 validation points +/-1 16 of 32 (50.0%) 0.30693 (n = 101) <0.001 
24 probable points only +/-3 18 of 24 (75.0%) 0.21935 (n = 155) <0.001 
24 probable points only +/-2 14 of 24 (58.3%) 0.25000 (n = 124) <0.001 
24 probable points only +/-1 11 of 24 (45.8%) 0.28947 (n = 76) <0.001 
Note: We employed a Monte Carlo equal means test (1,000,000 iterations) to compare the number of NEEM volcanic event years on 
the NS1‐2011 timescale that occurred near to our historical validation points (i.e., within each uncertainty margin) to the number that 
would be expected randomly. We calculated probabilities based upon the number of volcanic event years observed in the period 258 
BCE to 504 CE, matching the period covered by our validation points (earliest and latest at 255 BCE and 501 CE), with an additional 
three years on each side. For reference, the mean number of volcanic event years from 255 BCE to 504 CE (inclusive) is 0.11155. Note 
that consistent results are obtained when employing an alternative Mann‐Whitney (Rank Sum) test (i.e., comparing medians rather 
than means) in both standard and Monte Carlo implementations. 
Response to Referees 
First, we would like to thank the referees for their support of our manuscript and their constructive 
comments. Following is a point-by-point response to the critical comments and recommendations of 
the referees. Please note that the referees’ comments are in black and our response is in blue. Further, 
we have modified the main text of the manuscript to be consistent with these responses.  
 
Referee #1 (Remarks to the Author): 
 
In this study, the authors present a new, extended estimate of volcanic forcing from Greenland and 
Antarctic ice cores that spans the last 2,500 years. The authors present a new set of high-resolution 
Be-10 measurements and use these data to argue that the previous age model for these records was 
misdated by 7 years during the first millennium CE. By comparing their Be-10 measurements against 
a pair of C-14 markers identified in tree rings, the authors propose a new age model for these ice cores 
and use this new sequence to update the long-term record of volcanic emissions for both hemispheres.  
I would like the authors to be more precise with some of their statements and interpretations, but 
overall I found the papers conclusions to be well-supported by their evidence.  
Because ice core records provide our only means to understand how large eruptions influence the 
global climate, the proposed revision of the global volcanic aerosol forcing would be extremely 
relevant to researchers working in the climate sciences. Because of the significant impact that large 
eruptions have on human society, I would imagine that archeologists and historians would also regard 
this as a major contribution. 
In addition to the specific comments I include below, I would strongly encourage the authors to 
consider addressing two issues. First, I would like them to outline, at least briefly, what may have 
caused the 7-year error in the previous age model. Does this offset imply that, previously, single-year 
accumulation layers were incorrectly identified as multiple years? Is it possible that there are 
unconformities in the ice? Could the accumulation rates have been poorly estimated? As a non-expert 
in this field, I can only guess what factors might have caused this error, but I would hope that they 
could at least lead their readers to one or more plausible explanations. 
The causes of bias in the previous age models likely are due to several factors and would need to be 
addressed in detail for each ice-core chronology separately. In summary, the offset is due to the 
combined effects of the following:  
1) Low effective resolution of some the ice-core measurements, i.e. low sampling resolution, 
diffusion (this is especially true for the relevant sections of the GRIP and NGRIP cores where 
diffusion correction techniques were employed to recover the annual oscillations in water 
isotope data. This technique is vulnerable to melt layer interference).  
2) Use of only single (or a few) parameters for the annual-layer interpretation. 
3) Occurrence of intra-annual variations in various ice core parameters falsely interpreted as 
layer boundaries (e.g., caused by summer melt, dust deposition) 
4) Use of tephra believed from the AD 79 Vesuvian eruption as a fixed reference horizon to 
constrain the Greenland ice-core dating. This attribution seemingly confirmed the Greenland 
ice core chronologies for the past 2,000 years, thus encouraging glaciologists to focus their 
subsequent attention and high-resolution measurement efforts on deeper sections of the GRIP 
and NGRIP ice cores.    
5) Use of manual-layer interpretation techniques that favor annual-layer interpretation consistent 
with a priori knowledge or existing chronologies (e.g., WDC). 
To overcome previous limitations and achieve consistency with proxy records independent of the ice-
core records during the Common Era, we employed new and existing high-resolution, multi-
parameter ice-core measurements constrained by distinct and well-dated reference horizons and 
employed an objective algorithm to avoid biasing our interpretation by a priori assumptions. 
We summarized some plausible explanations and added citations in methods. 
Second, I worry that some readers might interpret this evidence very differently. The authors explain 
that, with the original dating, there is a 7-year offset between Be-10 in the four ice cores and the C-14 
marker in the tree rings (and the ice cores lead the tree rings). Based on this discrepancy, the authors 
argue that the tree-ring sequence is correct and the ice-core age model is too old. Although I would 
not make the argument myself, I know some researchers might suggest that the tree-ring dates are too 
young (perhaps due to unrecognized missing rings) and the original ice core dates are correct. I would 
encourage the authors to explain more directly why this alternative explanation is not correct.  
Since discovery of the ∆14C excursion in 774/775 C.E. in 2012, an increasing number of tree-ring 
measurements have become available from various locations. These include sites at the upper tree line 
and northern tree line, including locations where there is a risk of missing tree rings, but also, 
crucially, in sites where temperature is not the dominating factor for ring width growth (e.g. German 
oaks), and hence not at risk of temperature-induced missing rings on any widespread scale. To date, 
no single tree-ring record has been measured for ∆14C at annual resolution without registering the 
distinct radiocarbon excursion in 774/775 C.E. The coherence of a strong and distinct growth anomaly 
in 536 CE in virtually all tree-ring reconstructions across the Northern Hemisphere (NH) further 
supports our conclusion that none of the individual tree-ring reconstructions are subject to missing 
rings.    
Of the four ice cores for which we showed 10Be measurements, two previously were directly 
synchronized to GICC05 and do not provide any independent evidence supporting an older age for the 
775 event. Potential causes for an age offset for the WDC06A-7 and GICC05 timescales are outlined 
above. Overall, the combined evidence from all ice-core data (annual-layer dating, the 10Be excursion 
in 993, tephra findings in 536 and 946) supports the high accuracy of the new timescale and rejection 
of the hypothesis of a chronological bias in tree-ring chronologies. 
Specific comments 
In the Introduction, the authors make the point that major volcanic eruptions (as estimated from ice 
cores) are not always followed by short-term cooling (as inferred from tree rings) and that this lack of 
association may be caused by chronological error in one or both proxies. I agree with that point, but I 
wonder why Baillie (2008) is the sole source used to support that statement. Given the vigorous 
discussion of Mann et al's 2012 Nature Geoscience article on exactly that issue, I'd suggest adding a 
citation to that article and others written in response to emphasize more clearly that this apparent 
discrepancy is an important issue to resolve. 
We focused in the introduction on the data/data mismatch prior to the past 1,000 years where the 
dating bias in existing ice-core chronologies is clearly the largest contributor to inconsistencies 
between volcanic eruption dates and ensuing tree-ring growth impacts (a point stressed by [Baillie, 
2008] and hence our citation of his work in the Introduction). In the revised manuscript, however, we 
have also summarized the ongoing discussion of the model/data mismatch for volcanic cooling 
response during the past 800 years and added additional citations [Anchukaitis et al., 2012; Esper et 
al., 2013; Mann et al., 2012; Mann et al., 2013].  
Line 48: The point here (that efforts to link forcings to reconstructed climate require precisely-dated 
ice core and tree ring records) is perhaps a bit too narrow. Tree rings are only one type of proxy 
archive, and I can imagine the same statement would apply to lake sediments, speleothems, or really 
any other proxy. This section of the text may need to be reorganized to first emphasize the importance 
of chronological accuracy to these type of assessments, and then subsequently explain the particular 
relevance of proxy reconstructions from tree rings specifically.  
Done. 
51: "derived from" instead of "composed of". Also, time scales may be different but they cannot be 
unsynchronized, so the wording of this section needs to be changed.  
Done. 
55: What is the citation to support the statement about Pinatubo?  Is that based on the current study? 
We have added a citation to [Douglass and Knox, 2005] who used instrumental temperature data.  
62: The phrasing of this sentence needs to be adjusted. As written, it implies that both C-14 anomalies 
have been identified in tree-ring records from all three regions, which is not correct. Based on the 
sources cited here, the 994 CE event has so far only been reported from tree-ring records in Japan. It 
would be helpful to revise this statement to provide a more accurate description of what anomalies 
have been reported where (and it would likely be appropriate to use more specific geographic terms; 
countries or regions instead of continents).  
Done. 
71: Again, this statement could be misinterpreted as saying that the C-14 anomaly has been found all 
tree-ring records containing rings spanning 774/775 CE. This sentence needs to be re-written so that 
readers understand that high-resolution C-14 analysis has only been conducted on a small handful of 
records, but that the consistency of this isotopic marker implies that these and other tree-ring records 
are correctly dated over (at least) the last 1200 years. Also, the phrase "established cross-dating 
procedures" is uninformative and could come across as defensive, so a citation and a reference to 
pattern-matching would be helpful.  
Done. 
84: By what evidence or argument is the 1257 Salamas eruption "well established"?  
We removed the statement “well established” and included a citation instead.  
110: It is not clear to me how the new volcanic forcing record provides a perspective on major 
historical events, or why the statement about European history connects to the other parts of the paper. 
To be honest, this comes across as unnecessary self-citation, and I don't see any reason to keep it. 
Most previous volcanic forcing reconstructions do not extend before 500 AD and researchers were 
thus not able to adequately examine the possible contribution of major volcanic eruptions to many 
sudden climate variations (apparent in many climate proxies) and that coincided with known periods 
of major societal stress and change. Our newly revised volcanic chronology thus stands to clarify the 
role of major volcanism in many episodes of historical societal stress and change. To highlight this, 
we focus upon what is perhaps the most famous episode of major societal stress and change in the 
first millennium AD. This concerns the famous “536 event” and the ensuing climatic deterioration up 
to c.550, which has long been of contested cause, and is observed in a wide variety of climate proxies 
in the Northern Hemisphere. Our new volcanic time-series now clarifies the likely role of volcanism 
in identifying a sequence of major volcanic eruption beginning in 536, with further events in the 540s. 
We discuss this matter in more detail later in the paper. Our ultimate intent is to make a general 
statement: that human activities and volcanic history are intertwined, and that the new forcing 
reconstruction will allow a considerably improved exploration of these connections in the future.  
120: The authors make the point that the 426 BCE and 44 BCE eruptions have previously not been 
regarded as large eruptions, but it's not clear what aspects of their results lead them to a (substantially) 
different conclusion. Given that they argue these events are among the very largest eruptions in the 
last 2500 years, it would be appropriate to explain more directly exactly what evidence supports that 
claim. 
Large sulfate signals in Greenland ice-cores can originate from large and remote eruptions (e.g., 
Tambora 1815) or relatively moderate eruptions from nearby sources (e.g., Laki 1783, Iceland). For 
the latter, the climate effects are arguably smaller, and reconstructions of volcanic forcing usually 
correct for this effect using different scaling factors depending on the assumed (or known) source of 
the eruption [Gao et al., 2008]. We propose that the 426 and 44 BCE eruptions were likely of tropical 
origin and caused among the largest radiative perturbations during the past 2,500 years because ice 
cores from Greenland and Antarctica contain exceptionally high volcanic sulfate concentrations at the 
same time (within their respective uncertainties), and were both followed by exceptional strong (and 
persistent) growth reduction in tree-ring records [Salzer and Hughes, 2007], as per Figure 2. Such 
responses are typically observed for large tropical eruptions during the Common Era (Figure 4). 
Previously, a credible attribution was hampered by 1) the absence of a comparable complete sulfate 
record from Greenland [Taylor et al., 1997]; 2) large dating uncertainties for ice core records in 
Antarctica relative to Greenland; 3) the apparent age offset of tree-ring indicated cooling extremes 
relative to ice-core derived volcanic forcing estimates [Baillie and McAneney, 2015]. We extended 
our statement with the above information. 
123: The explanation of the tree-ring data used in this study needs to be revised to be more consistent 
and explicit about the data and the reasons for their selection. Throughout the article and the 
supplementary material, these data are described as tree-ring records, tree-ring based temperature 
reconstructions, and tree-ring networks. These terms are not interchangeable and their usage makes it 
more difficult to understand exactly what evidence is presented. 
We have provided a more consistent terminology in our revised manuscript and more details below.  
To my reading, the authors have assembled a set of extremely long (multi-centennial) tree-ring 
chronologies from five locations in the Northern Hemisphere. I would guess that these records were 
selected because (1) they span at least the last 1,500 years and (2) they primarily track local 
temperatures during the growing season (or summer season). First, it would be helpful if the authors 
could explicitly provide the criteria they used to choose these records (and exclude others). Are there 
no other tree-ring records from the Northern Hemisphere that could be included in this assessment? 
There very well may not be any other records that fit the bill, but the authors needs to explain why 
these particular five records were used, and others were not.  
Also, the authors combine the set of five tree-ring based temperature reconstructions (by averaging) 
and describe that average as an index of Northern Hemisphere temperature. I don't think it's 
reasonable to present that index as a hemispheric temperature reconstruction, given that the paper 
does not describe how well (or poorly) that average matches that specific climate variable. 
Developing a new hemispheric temperature reconstruction spanning the last 2,500 years would itself 
be a major effort, and simply averaging together a few select records (only 2 prior to 500 CE) does 
not convince me that these records provide a robust estimate of past temperature change across the 
hemisphere. To my mind, the authors need to acknowledge the limitations of making inferences about 
hemispheric temperature based on such a small number of proxy records. These records are clearly 
very important and rare, but the current manuscript is much too casual in presenting them as a 
hemispheric temperature record. I think this weakness could be addressed if the authors would 
describe these records as what they are: exceptionally long records of tree growth at locations where 
temperature is the main limiting factor. But these data describe tree growth; they are not a 
hemispheric temperature reconstruction. 
In fairness, the paragraph starting on Line 123 does describe these records as estimates of tree growth, 
and my criticism is mainly aimed at the way they are described in the figure captions and the 
supplementary material. 
There is, unfortunately, no continental-scale temperature reconstruction available covering the full 
2,500 year span of our volcanic reconstruction to investigate the volcanic cooling impact over large 
spatial scales. We therefore assembled long and temperature-sensitive tree-ring chronologies for our 
analysis. We have now revised the manuscript by clarifying our methods and rationale as outlined 
below: 
1) We selected from available databases and other accessible sources all annually-resolved 
proxy records from the Northern Hemisphere meeting the following three criteria: (1) >1,500 
years long; (2) no assumed chronological uncertainty; (3) strong relationship to local 
temperature and/or already demonstrated sensitivity to volcanic forcing. In total, six records 
met the criteria [Briffa et al., 2008; Büntgen et al., 2011; Esper et al., 2012; Grudd, 2008; 
Salzer et al., 2014]. We excluded the Avam-Taymir tree-ring-width record from N-Siberia 
[Briffa et al., 2008] in order to give stronger weighting to the two maximum latewood tree-
ring density records [Esper et al., 2012; Grudd, 2008], which represent the preferred 
parameter for reconstructing annually resolved temperature variations [Esper et al., 2014].  
The bristlecone pine tree-ring chronology exhibits a strong century-scale positive trend from 
approximately 1850 to the late 20th century [Salzer et al., 2014a]. Due to this trend, along 
with concerns about a potential divergence from local temperatures [Salzer et al., 2014b], we 
used the time period 1000-1099 CE as a common baseline period for standardizing tree 
growth anomalies among the five remaining records thus building a tree growth composite 
record which we now call “N-Tree” (z-scores). This record is not a reconstruction of NH 
temperatures per se, as the level of spatial representation varies through time. By averaging 
growth anomalies over large regions, however, synchronous growth reductions in these 
regions of strongly temperature-limited tree growth is a good indicator of the volcanic 
influence on past temperatures. Correlations between “N-Tree” (N=5) and the average of the 
three regional PAGES 2k temperature reconstructions (“Arctic,” “Europe,” and “Asia” 
(N>275)) [PAGES-2k Consortium, 2013] between 1800 and 2000 are very high (R² = 0.78). 
This suggests that much of the large-spatial-scale variation in Northern Hemispheric regional 
temperatures is also captured by our select tree-ring records. Crucially, at least three records 
in “N-Tree” cover the time period from 138 BCE to the present, allowing a qualitative 
assessment of the potential volcanic cooling impact prior to the Common Era (Figure 2). 
2) In order to quantify the climate impact during the Common Era and investigate regional 
differences, we only used tree-ring based JJA temperature reconstructions with strong 
demonstrated relationships to instrumental temperature data between 1901 and 2000 and high 
predictive skill. For regions where these criteria were met by several reconstructions (e.g., 
Scandinavia), we limited the analysis to the most recently updated reconstruction [Esper et 
al., 2014]. We retained three regional reconstructions from the Central Alps, Scandinavia, and 
Northern Siberia (Jamal) [Briffa et al., 2013; Büntgen et al., 2011; Esper et al., 2014]. By 
using these three regional reconstructions and the published continental-scale PAGES-2k 
“Europe” reconstruction [PAGES-2k Consortium, 2013], we quantified the average response 
of summer temperature to volcanic forcing during the Common Era (Fig.4). 
We provided the necessary clarification of selection criteria in the new Methods section, and added a 
regional temperature reconstruction as time series (Figure 3) as well as the average response as 
derived by the superimposed epoch analysis using three different temperature reconstructions (Figure 
4). From the extended analysis (restricted to the Common Era), we derived an estimate of absolute 
average summer temperature cooling for different regions following volcanic eruptions with respect 
to eruption size and source location from which we derived a quantitative relation between climate 
response and volcanic forcing.   
176: I don't understand the connection between these two ideas. Why might the dating adjustment 
applied to ice-core records cause problems with multi-proxy reconstructions of temperature? Is it 
because ice cores are one of the proxy archives used to produce those reconstructions? Please clarify. 
The dating adjustment proposed here will improve future multi-proxy reconstructions of temperature, 
because ice cores temperature proxies (i.e., δ18O measurements) are widely used as an input parameter 
in multi-proxy reconstructions [Hanhijarvi et al., 2013; Mann et al., 2008]. The relative contribution 
of ice cores for example in continental-scale reconstructions for the Arctic and Antarctic regions is 
between 25 and 100 % during earlier time periods of the Common Era [PAGES-2k Consortium, 
2013]. We clarified our statement accordingly.  
Referee #2 (Remarks to the Author): 
This is a landmark study. It integrates a remarkable variety of analyses into a major synthesis with 
important implications for climate science specialties, and with something of interest across a broad 
swath of the paleoclimate and climate modeling communities. Among the highlights is the discovery 
of abrupt shifts in the 10Be content of ice cores that enable the direct synchronization with tree rings. 
This analysis enables the authors to discern tropical from Northern Hemisphere eruptions, and 
therefore is the most thorough study to identify the climate-altering role of non-tropical eruptions, a 
significant contribution in itself. The study includes a major compilation of information on historical 
eruptions and new valuable geochemical analyses of tephras from Greenland ice. These are just some 
of the contributions of this top-notch study. I strongly recommend publication in Nature. 
A relatively minor concern relates to the development of the tree-ring temperature reconstruction. 
Many studies have attempted to reconstruct Northern Hemisphere temperatures, so making up a new 
reconstruction on the fly seems a bit bold, although in the end, I don't have a better idea. Perhaps 
some additional explanation behind the approach would help lay some of the groundwork. Why did 
the authors choose the five tree-ring reconstructions that they did? Are they the only records from 
anywhere that extend at least 2000 years? Are they entirely independent of one another? How 
representative is the combined reconstruction target area of the entire Northern Hemisphere overall 
(or just land area of the NH)? Maybe the tree-ring reconstruction should be referred to as something 
like, "selected tree-ring composite". 
Please see the response above to Reviewer 1’s comments on the tree-ring reconstruction. 
Related to this, the determination of the temperature associated with the volcanic cooling is somewhat 
difficult to understand. It would help to explain why the reconstruction was transformed to z-score 
units (same as standard deviations?) rather than C. And what was the rationale for standardizing to 
1000-1099 CE? I suggest providing an estimate of how the z-score values relate to Northern 
Hemisphere temperature. There seems to be a miss-match between the volcanic-induced cooling 
quantified by the IPCC-AR5 (Fig. 5.8), which shows a temperature shift of < 0.2C for the 12 major 
eruptions since 1400 CE, compared with the estimate from the equation in the supplement note 11 (z-
score = 0.34 X average temperature - 0.44). If I understand this correctly, the volcanic cooling of -1 
SD calculated by this study represents about 2C, which is 10 times the value estimated by the IPCC. 
The IPCC included smaller eruptions and their temperature is for the average NH rather than 
Arctic/Europe focused, but the difference seems extreme and deserves attention. Perhaps the relation 
between the z-scores and some actual temperature could be derived more securely, along with an 
estimate of the uncertainty in the transformation (at least an r2 value for the regression used for the 
equation cited in note 11). Alternatively, it might be cleaner to use the average of the two PAGES 2k 
reconstructions that extend back 2000 years, as was done for Table S4, while recognizing that the 
temperatures are a slight underestimate of the cooling for the first millennium because the 
reconstructions include ice cores that missed the volcanic targets. 
We improved and better clarified our methods to analyze the temperature response in the revised 
manuscript. The rational for standardizing over a time period outside the 20th century is given in our 
response to Reviewer 1, above. 1000-1099 was chosen in particular because no major growth 
anomalies were recorded in the individual tree-ring series that would skew the distribution of the 
values. In the revised manuscript, we use the tree-growth composite record in a more qualitative way 
to describe the relation of tree growth relative to forcing during the past 2,500 years, while we infer 
quantitative estimates of the cooling response from a subset of published regional-to-continental scale 
temperature reconstructions. The 5-year averaged summer cooling response calculated for all 24 
major eruptions during the Common Era over three geographic regions (Alps, Scandinavia, and N-
Siberia) was between 0.5 to 0.7°C. These values are in good agreement with the IPCC estimates for 
major eruptions over the past 600 years. The earlier mismatch noticed by the reviewer was the result 
of a typo in the formula (z-score = 0.34 x average temperature - 0.44), for which independent and 
dependent variables were accidently flipped. The correct formula should have been (average 
temperature = 0.34 x z-score - 0.44). We thank the reviewer for calling attention to this. 
Regardless of the absolute temperature shift, the lingering cooling effect of the eruptions shown by 
the superposed epoch analysis is unexpected. Figure 2b and several panels in Figure 4 show that the 
cooling effect of volcanic eruptions persists after 10 years. This too contrasts with the IPCC's analysis 
(Fig. 5.8), which shows that temperatures mostly recover within 10 years. It would be useful to extend 
the timescale (x-axis) in Figure 4 beyond 10 years following the eruptions to show the recovery time. 
Also, it's not clear what the "95% confidence intervals" represent in this figure. Is it the 2-sigma range 
of the temperature anomalies associated with the multiple eruptions?  
We extended the time axis for the superposed epoch analysis to 15 years to better show the duration 
of growth reduction/cooling. To address potential causes/regional differences of the observed 
persistence of the volcanic climatic impact, we added panels to the superimposed epoch analysis in 
Figure 4. The 95% confidence intervals represented in Figure 4 is two times the standard error of the 
mean (2 s.e.m.) temperature anomaly associated with the multiple eruptions, which we specify in the 
revised manuscript. 
A couple of minor points: 
Lines 48-50. The statement that chronologies must be correct to within 1 year in order to attribute 
forcing to climate response is correct for volcanic eruptions, but is not correct for other types of 
forcing, including solar and orbital. Specify "volcanic forcing". 
Done. 
Line 64. The word "respectively" doesn't apply. There are two anomalies but three regions. Which of 
the anomalies was identified in which of the regions? 
We clarified the sentence. 
Line 170. Change "pandemics; as well" to "pandemics, as well" 
Done. 
Line 225. Omit the word "respectively". 
Done. 
Line 245. Omit the word "respectively". 
Done. 
  
Referee #3 (Remarks to the Author): 
 
(A)  
Sigl et al. propose a new interpretation of the volcanic forcing over the last 2,500 years, based on the 
comparison of several volcanic sulfate ice core records, from Greenland and Antarctica, and tree rings 
records that provides information on past temperature variations. They explained and solved the 
discrepancy between the volcanic records in ice cores and the answer in terms of cooling detected in 
tree rings records during the first millenium CE. The problem originated from the ice cores 
chronologies that were ca. 10 years too young compared with tree rings records.  
The improvement of the chronologies is based (1) on a method for counting annual layers in the 
NEEM (Greenland) and in the WAIS Divide (Antarctica) ice cores, (2) on the detection of volcanic 
sulfate peaks, (3) on the increase in beryllium-10 (10Be) concentration measured in the ice and related 
to two Solar Particles Events (SPE) that occured in 774-775A.D. and in 993-994 A.D., first detected 
in 14C tree rings records (Miyake et al., 2013, 2012). 
 
(B) and (C)  
The paper presents data of a high quality and a huge amount of information have been nicely 
interpretated. The results are well presented and the paper is easy to follow. 
This work is of a high interest for the community studying natural climatic forcings, particularly, the 
influence of volcanic eruptions on climate and populations. This work will also be of importance for 
glaciology because it improves chronologies over the last 2,500 years and opens new perspectives for 
the interpretation of many other proxies. 
The 10Be ice core data at the time of the 775 A.D. and the 994A.D. events are also expected by the 
community working on cosmogenic nuclides as well as the one studying the Sun. These two events 
have been first evidenced from 14C tree rings records and no 10Be ice core records were available 
until the paper of (Miyake et al., in press) who detected the 775A.D. event in the Dome Fuji ice core 
(Antarctica), and now, this work provides four new ice cores records, two from Greenland and two 
from Antarctica with a resolution never reached before and better than Dome Fuji. 
All these new data have to be published and diffused largely.  
(D), (E) and (F) 
However, I have three main remarks related to the 10Be records. 
(1) The NEEM 2011-S1 ice core has the most constrained chronology, it is based on annual counting 
layers, on 5 volcanic events and on the 775A.D. event found in the 10Be record.  
10Be measurements are not continuous and have been made only around the age of 775A.D. We can 
see from the table provided in the supplementary material that 21 measurements have been made 
before and after the age of 775A.D. determined in the previous agescale (so from 752 to 795 A.D.). 
Finally, the 775A.D. event was found in 768A.D. on the NEEM-2011-S1 old age scale, 7 years before 
the 14C tree rings records. This difference was taken into account to establish the new chronology and 
to test it, the second event, in 994 A.D., was used to check if it was improved. They are only 26 10Be 
analysis for the 994A.D. event, in addition, measurements stopped in 995.5 AD. on the old age scale, 
which means that the authors hypothesized a systematic 7 years lags between the age scales for this 
record but also for all the other ice core records.  
The 775A.D. has been well identified in the NEEM-2011-S1, NGRIP and WDC ice cores, we can see 
the corresponding 10Be concentration peaks but it would have been useful to show more 10Be data 
before the 775A.D. event in the WDC (only 6 measurements before the peak) and NGRIP (only 2 
measurements before the peak) ice cores. 
Figure 1 illustrates that the ice core records of WDC and NGRIP were sampled in order to test 
existing timescales and/or to investigate 10Be deposition relating to the 775 SPE, (for some records the 
location of the peaks in relation to sampled depth range indicates that we almost missed the peak due 
to the unknown time scale error). By contrast, the NEEM-2011-S1 ice core was sampled specifically 
to test an alternative dating scenario, and we thus sought to analyze more samples to estimate 
background 10Be concentrations prior to the 775 event. We agree with the reviewer that more samples 
especially before 775 SPE would be helpful to better estimate background concentrations of 10Be, but 
this was not the aim of this study. A companion paper (will be submitted directly after publication of 
this study) discusses these topics in more detail. Irrespective of these issues, the 10Be peaks for 
NEEM-2011-S1, NGRIP and WDC are outside the range of the typical inter-annual 10Be 
concentration variability (calculated from annual values), and no secondary excursion of similar 
magnitude is expected taking into account all 14C and 10Be measurements performed to date at quasi-
annual- [Miyake et al., 2015] to-decadal resolution for both hemispheres [Usoskin et al., 2013].            
I am wondering if it would not be better to put the TUNU2013 10Be record in the supplementary 
material because how can the authors be sure that they identified the 775A.D. event in this record? 
There are only 9 measurements going from 762.7 to 770.3 A.D. on the original NEEM-2011-S1 
chronology. The amplitude of the 10Be increase is not discussed because the value of the background 
level cannot be determined with a 8-yrs record. On short timescales, the production of cosmogenic 
nuclides (14C, 10Be,..) is modulated by the 11-yr solar cycle and by solar activity (quiet vs. active 
phases). Recently, Güttler et al. (2015) took into account the 11-yr modulation to discuss the 
amplitude of the 775A.D. event found in the 14C tree rings record.  
We respectfully disagree, given that the relative age uncertainty for the TUNU2013 ice core with 
respect to the NEEM-2011-S1 ice core (to which the TUNU2013 ice core is synchronized) does not 
exceed ±1 year at this depth. Our strong confidence in the synchronization of TUNU2013 comes 
further from a very distinct match in selected volcanic trace element profiles in 752–764 (NS1-2011 
dating). We are, therefore, confident that the enhanced 10Be values of  >30 x 103 atoms g-1 for two 
years present the signature caused by SPE in 775 (it exceeds the expected solar-modulated 10Be 
variability). Duration and the absolute concentration values measured at TUNU2013 are almost 
identical to the NEEM-2011-S1 core, as would be expected for an ice core drilled at the same latitude, 
at comparable elevation, and where aerosol deposition in winter/spring is dominated by wet rather 
than dry deposition processes [Hutterli et al., 2007]. To address the reviewer’s concern, we have 
added our estimates for the relative synchronization uncertainties of TUNU 2013 around 775 CE to 
the method section as well as to the Figure 1 caption.   
It is expected that the 10Be concentration in ice cores varies according to this 11-yr cycle, so to 
determine the background level, the 10Be record should at least cover 22 yrs corresponding to two 
solar cycles. In addition, there is no annual resolution (no seasonal or annual chemical signature) at 
this site (end of the section 10 of the supplementary material) which means there is also an uncertainty 
on the agescale that is higher than that of NEEM-2011-S1 or WDC-2014. 
We agree that without prior synchronization, ideally two cycles should be determined to estimate 
background concentrations (which we did for WDC and NEEM-2011-S1). The TUNU2013 high-
resolution chemistry measurements are sub-annually resolved, and annual cycles can be identified in 
many chemical species. However, given the low accumulation rates of 10 cm ice year-1, the 
interpretation becomes more ambiguous than for higher accumulation sites (e.g., NEEM-2011-S1, 
NEEM) which is why the TUNU2013 record has been synchronized to the NEEM-2011-S1 ice core 
record. We clarified our statement in the methods section to emphasize this point.    
Why is the TUNU2013 sulfate record not shown?  
The TUNU2013 sulfur record has not been shown in Figure 2 primarily to keep this already complex 
figure clear and readable. The general trends in TUNU2013 are very similar to that of NEEM-2011-
S1. We did show, however, the TUNU sulfur record in Extended Data Fig. 4 focusing on 6th to 7th 
century volcanic records, which we have now moved in the revised manuscript to Figure 5 in the main 
text.     
 (2) Reconstruction of temperature anomalies taking into account both volcanic and solar forcings are 
represented in the figure 4. Maybe I missed the information, but the authors do not really explained 
how they proceeded to take into account the periods of low or high solar activity. There is one 
sentence in the paper (lines 143 to 145) mentioning the work of (Steinhilber et al., 2012) and some 
indication on the Total Solar Irradiance are given in the figure caption despite the missing references 
(please add the references). Some information and explanation should be added in the supplementary 
material.  
What I understand is that the authors used the TSI reconstruction proposed by Steinhilber et al. (2012) 
to determine the periods of low or high solar activity. In the figure caption, periods of low solar 
activity correspond to TSI < 1st quartile (please, some explanation is needed here) during which 6 
large volcanic eruptions occurred and periods of high solar activity correspond to TSI > 3rd quartile 
during which 7 eruptions were observed. I suppose that the remaining 15 large volcanic eruptions, on 
a total of 28, occurred during periods of TSI going from the 1st to the 3rd quartile.  
It would be interesting to investigate the temperature anomaly during period of moderated TSI values 
in order to check if 'the magnitude of the cooling following large eruptions 'is' relatively insensitive to 
solar activity' (line 145). 
In the revised manuscript, we removed the previous analysis because: (1) the number of volcanic 
events during periods of both high and low solar activity is relatively small, resulting in large 
uncertainties in the results; (2) the previously used methodology of superimposed epoch analyses is 
arguably not the best tool to attribute solar and volcanic influence on past temperatures given the 
variability of solar activity on decadal to multi-decadal timescales. Removing the statement here also 
allowed us additional space needed to extend our treatment of volcanic impacts on temperatures in 
response to reviewer comments. 
 (3) The term '10Be' anomaly is often used in the paper to refer to the 775A.D. and the 994A.D. events 
(e.g. lines 68 and 70). The origin of these events is still under debate but it should be a SPE (e.g. 
(Güttler et al., 2015; Miyake et al., in press; Usoskin et al., 2013)). It means that high energetic 
particles will induce an increase in the cosmogenic nuclides production and as a result an increase in 
the 10Be concentration in the ice so there is no anomaly in the process. The word 'anomaly' is not 
used in all the publications mentioning the 775A.D. event, it would be better to use another term. 
We revised the manuscript to consistently use the terms “rapid increase of 10Be concentration in ice 
cores” and “rapid increase in the 14C content in tree rings.” or refer to the events as “775 event” and 
“994 event”. 
There are also a few minor comments: 
- lines 72 and 73: the annual resolution is possible only on the WDC, NEEM and NGRIP sites 
because of the high accumulation and the annual layers detected with chemical compounds (e.g. sea 
salts) but the accumulation rate at TUNU and B40 do not allow to reach an annual resolution, it is 
rather a high resolution. 
The 10Be measurements of TUNU2013 were performed at quasi-annual resolution, meaning that on 
average one 10Be sample included one year (and assuming constant snowfall rates), but without 
sampling at the respective annual layer boundaries. We corrected our statement to “approximately 
annual resolution” in the main text and provide specific information in the method section. 
- line 89: would it be possible to give an explanation on 'the three post-volcanic atmospheric 
anomalies' ? 
The three post-volcanic atmospheric anomalies are well-dated historical observations of atmospheric 
phenomena with known association to explosive volcanism (e.g., diminished sunlight, discolored 
solar disk). Two examples are given in Figure 5. A more detailed summary is given in Extended Data 
Table 3, and an extensive list is provided as Supplementary Data. The observed atmospheric dimming 
effects are caused by high concentrations of volcanic ash and/or sulfate aerosol particles present in the 
atmosphere that scatter incoming solar radiation. What is anomalous for these three events is the long 
duration of the “volcanic dust veil” lasting for up to one year, suggesting significant atmospheric 
aerosol loading.    
- lines 143 to 145: as mentioned in the main comments, more information are needed here. 
Done. 
- figure 1: is the figure 1a useful here ? On the graph c, the delay between NEEM and the 14C record 
is 7 yrs, not 6 yrs (7 yrs is the value given in the paper).  
Figure 1a is a simplified summary of the inconsistency in tree-ring and ice-core chronologies using 
previous chronologies which were the starting point of the analyses performed here. We checked the 
14C data and subsequently corrected the figure. Seven years is the correct offset for the 994 CE event. 
(G) References 
- line 31: the papers of Miyake et al. (2012, 2013) are mentioned but those of Usoskin et al. (2013) 
(ref. 17) or Jull et al. (2014) (ref. 16) can be added here. The paper of Güttler et al. (2015) can also be 
added. 
Done. 
- line 47: 'including solar (e.g. 10Be)...activity', maybe some references should be added here. Some 
TSI reconstructions have been proposed, the authors can cite a few ones such as (Bard et al., 2000; 
Delaygue and Bard, 2011; Steinhilber et al., 2012, 2009; Vonmoos et al., 2006) but there are many 
other publications. Another possibility is to cite a review that had been done by Usoskin because all 
these publications are cited inside (Usoskin, 2013). 
We removed the analysis of possible solar influences, and extended the quantification of temperature 
response to volcanic forcing.  
- line 62: two new references can be added (Miyake et al., in press, GRL) and (Güttler et al., 2015). 
Done. 
- line 66: why is the paper on Steinhilber et al. (2012) cited here? If the authors want to mention the 
response of cosmogenic nuclides production to SPE, they would rather cite all the references of the 
line 62, if they want to describe the general process of cosmogenic production , they should cite older 
papers, for example (Kovaltsov and Usoskin, 2010; Masarik and Beer, 2009; Webber et al., 2007)... 
We added more appropriate references when discussing the general process of cosmogenic 
production.  
- line 78: one sentence can be added for the comparison with the Dome Fuji 10Be results (Miyake et 
al., in press). 
Done. 
- lines 121 and 123: it seems that references related to tree-rings are missing. 
Done. 
- figure captions : it seems that all the references related to 14C and tree rings have been forgotten. 
Added as suggested. 
- supplementary material ref 18: 'Heikkila' instead of 'Heikkilae' 
Done. 
(H) Clarity and context 
The paper is clear and well written (abstract, introduction and conclusion) and easy to read. 
All the information and tables provided in the supplementary material are useful and relevant. 
Please note that all referees made recommendations related to additional references. We responded to 
all of these suggestions, thereby strengthening the manuscript, and thank the referees for their 
attention to this improved scholarship. 
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